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SECTION T

INTRODUCTION

Turbomachine flow fields are three-dimensional with a variation in flow
direction, flow velocity, temperature and pressure occurring in both the
radial and circumferential directions. The temperatures, pressures and
turbulence levels encountered necessitate both simple and structurally
sound probes and/or seansors. The harsi turbomachine environment makes i
multi-ported, pressure probes particularly attractive for measurement of
flow direction.

Pressure probes usualiy consist of aerodynamic shapes with a symmet-
rical arrangement of sensing holes. A number of different geometries have
been investigated and some typical cases are reviewed in references 1
through 15. A more general treatment of probes is given in references 16 v
and 17. f

Pressure probes are normally employed in either the stationary or
nulling mode. In the nulling or equal pressure mode, the probe is oriented
such that each of the side ports, see Figure | for instance, reads the same p
pressure. The probe position is noted and the flow direction determined.
In the stationary mode, the probe is fixed and the top-to-bottom and side-~
to-side pressure differences are noted. <Calibration functions are then
used to find o and B. The static and total pressures can also be deter-

mined in a similar manner.

Both methods ofter advantages and disadvantages. The nulling techuique
tends to be the most accurate. The probe can be designed for maximum
sensitivity at small angles. 1t otffers the disadvantage, however, of
considerable mechanical complexity particularly in three-dimensional flow
fields. The stationary probe method, while mechanically superior to the
nulling approach, tends to be less accurate, especially at large flow
angles. Despite the accuracy of the nulling technique, this technique is
considered inappropriate for turbomachine measurements because of its related
mechanical complexity. Consequently, only stationary probes are considered

in this work.
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Since the probes are to be used without rotatiou, the sensitivity to
flow angularity is extremely important. While values of this parameter are
available for a number of calibrated probes, this data is only of limited
value in synthesizing a probe geometry yielding a desired angular sensi-
tivity. Therefore, a generai analytic model nas been developed using
slender body theory and this is discussed in Section 2.

In order to verify the analysis as well as calibrate a series of probes
for use in an upcoming compressor test, the angular, static and total
pressure sensitivities for a tive-ported, conical probe nave been deter-
mined experimentally. These tests are discussed in Sections 3 and 4. The
results of the measurements are compared with the mathematical model of
Section 2 in Section 5.

In addition to the probe sensitivity which is largely dictated by aero-
dynamic considerations, alignment and manufacturing defects also influence
the accuracy with which flow angles and static and total pressures can be
determined. Effects of this nature are discussed in Section 6. Some

optimum probe geometries are also postulated.




SECTION 1I

A MATHEMATICAL MODEL OF PROBE AERODYNAMIC BEHAVIOR

2.1 Objectives

The objective of an aerodynamic probe - in the present context - is to
determine the magnltude and direction of the velocity vector. This trans-
lates into a measurement of pressures which ~ by means of calibration
functions - are then converted into flow angles and total and static
pressures. The flow field parameters should be accurately measured with
the probe, itself, creating a minimal flow disturbance. The probe must
also be structurally sound - the last two requirements are somewhat at
variance.

A typical flow direction probe having an "aerodynamic shape' can be
thought of as a slender body, i.e., the body radins is much less than the
body length. The use of slender body theory in the analysis of aerodynamic
probes, thus, 1mmediately comes to wmind. There ire, however, shortcomings
assvclated with this approach. Tue major one being that the rate of change
of body radius with respect to body length must ulso be small. This
feature precludes stagnation poiuts tn a slender body approach.

Of course, a complete description of the flow field around an aero~
dynamic probe can be generated by numerically solving the three-dimensional
potential flow equations, see, for instance, references I8 and 19. While
this approach is more accurate than steader body theory, 1t does not lend
itself to syuthnesis or probe shapes. Furthermore, analytic calibration
relations are not obtaineu aud coansiderable iansight into the physical
processes is lost. Consequently, slender body analysis will be employed in

tne ensuing analysis.

2.2 Basic Formulation of Slender Body Theory
A slender body of revolution in a cross-flow is shown in Figure 2. The
body itself can be described 1n terms ot axial, z, and radial, r, coordi-~

nates with

r = R(z) (D




Figure 2.

Slender Body of Revolution in a Cross-Flow




Following Shapiro, reference 20, the differential equation for the

velocity potential, ¢, can be written as

¢ 2 ¢, 2\ ¢ ¢ ?
__r __6 68 z r
( c? > (brr + (1 r2c?2 ) r2 + <1 Y >q>zz -2 c? (bzt

©
N
©

¢ 9 X o ¢92
-2 ;325 Qre -2 7.0 @er + Y 1+ ;3;5 =0 (2)
where
®2
2 _ 2 _ k-1 2 . .6 2
and
v o v Ly () Ly (4)
r r 6 z

The subscripts r, 8 and z denote partial differentiation, 1i.e.,

¢ = ég, etc.
r aor

Equation (2) can be rewritten in terms of a perturbation velocity
potential, ¢, by expressing the potential & as the sum of the perturbation
due to the body and the potential due to the external flow, V_. 1t then

follows that

(I)r = vm(r) + V(r) ®e = r<vm(e) + V(e)) d = Voo(z) + V(Z) (S)

with the perturbation potentials defined as
b o= v b, = rv b =v (6)

If it is now assumed that the perturbation velocities are much smaller

than the free-stream conditions, i.e.,

e
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then

1 1 2 _
¢rr + ;.¢r M ;7-¢66 +aA-M) ¢zz =0 7

following Liepman and Roshko, reference 21. Note that M_=V_/c_.

The boundary conditions on the body surface can be written as

grad ¢. grad F = 0 on F(r,0,z)

when F(r,6,z) = r - R(z). With grad ¢ = V; + grad ¢ = V; + ;, then equa-
tion (8) becomes
(V;d—;)- grad F =0 on F(r,6,z) =0

and

[V (r)4_v(r)] 9F + [V (2)4-v(z)] 9F =0 on F(r,8,z) =0 (&)

0 or oo 0z
The outer boundary condition is simply
V(r)’ v(e), V(Z) >0 r > o (9)

Equations (7), (8) and (9) comprise the basic relations for the pertur-
bation flow around a slender body. The solution of equation (7) subject to
the boundary conditions of equations (8) and (9) is discussed in the

following section.

2.3 Solution of the Partial Differential Equations

The system of equations of Section 2.2 is generally solved by using
superposition after subdividing the flow field into two elements - the
first being the axisymmetric flow past the body of revolution and the
second being the transverse and/or lateral flow past the same body. These

conditions can be expressed mathematically as

s
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OO RNS a2 1 _
lbrr M r + (=M ¢zz =0 W
Axisymmetric Flow
¢r(1) = v(r) = vm(z) %% F(r,9,z) = Q & Past a Body (10)
of Revolution
V(r), V(Z) > 0 r > ™
y.
and
) (2)
$
@ |, % 89 @) _ )
Sre et r? + ¢zz =0
Lateral Flow
MO _vw(r) F(r,8,z) =0 & Past a Body (11)
of Revolution
V(r), V(e), V(&) > 0 r > w
J

with ¢ = ¢(l) + ¢(2X

Equation (10) can be written in terms of a source distribution, q(z),

per unit length along the z axis following Sears, reference 22. This

yields the integral equation

2
¥ LG e (12)

o (z—€)24-52r2

where 6 = v l—Maf. The velocity compounents v(r) and v(z> are then gilven by

9
(z) _, (D 1 (z-£)g(£)dE
v =4 = =r 13)
z ATT‘S o {(Z_g) + 621‘? ]3/2

o0 . §_£f q(£)d¢
R ORI Y S e

W e e .




At this point the source distribution function q(¢) is unspecified. In
essence, an arbitrary specification of q produces an arbitrary body R(z).
Presumably, q({) could be systematically evaluated until the boundary

conditions of equation (10) were satisfied. This is obviously unsatisfac-

tory and an approximate technique yielding a direct solution was developed

by Laitone, references 23 and 24. He presumed that q(£) could be written as

q(€) = q(z+ &) = Z (6rn) ™ (2)

It thus follows that

(2-z) /6
o - +1

MO 1 e 60" m) ",

Lbz T T 418 nz=:0 n! £ (Z)f (ﬂ2+1)3/2
f -z/8r
(14)
(2~2z)/6r

1B 1 A 6n° ~nfan
P (z)f

r 4mé el J s (0 +1)3/2

The integrals in equation (1l4) can be evaluated on a term-by-term basis

and

o () _ 1 14(2) 1 - 1 -
z 4md 2 V22486717 /(1-2) 2+8°r?

q,(z) z + -z + in < ezt Z2H52F7 >]_+
/2248 247 V(Q—z)2+62r2 Q=zt+ v (Q—z)2+62r2

L q"(z) 2’ - (2-2)” + 2 J(0-2)?+8%r? - 2 /zz+52r2] +
&1+6Zr£ /(01_2)7+6er
(1) = 1 q(z) (15)
Yr 4 St




for terms of order less than Sr. q(z) can now be related to the body

coordinates through the boundary condition on the body and

(1) _ 1 {2q(2) | (2) g,
o, —4nl6R$+V°o R

where R' denotes dR/dz, etc. It thus follows that
a(z) = 2mev_Prrt = ov_Pg (16)

where S denotes the body cross-sectional area, TR?. With q(z) related to

the body cross—sectional area, the velocities, i.e., ¢z(1) (1),

and are
¢r

completely defined.
The lateral flow past the body can be determined in a similar manner by

noting that if ¢(1)(r,z) is a solution of equation (10) then both

(1) (1)

sin 6¢r and cos 8¢r are solutions of equation (11). Using term by

term integration and applying the boundary condition on the body yields

(x) (¥)

(2) _ Vyu cos O + Vg sin 8 {_ S |
¢r - 7 17?7y
(y) x) _,
(2) _ Vo cos O - Vg sin 6 (S|
¢e = T Ir‘ (17)
(2) _ Vm(x) cos 0 + Vm(y) sin 8 {S' |
%, " = m |t |

2.4 The Velocity Components and Pressure Coefficient

Equations (15), (16) and (17) can be combined to yield the perturbation

velocities and

1 2
Wy () (Ri) ~ 0. cos 8+ v sin 6)<RT)

2

v(g) = (Vm(y) cos O - Vm(x) sin 6) %7 (18)
251

v(z) =1 Vm(z)f + (Vm(x) cos 6 + Vm(y) sin 9) ig;l—

10
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d (x)

where V , V
o) (s 0]

(v) (2)

and V_ can be related to Vu)through the angles « and
The pressure coefficient is the major concern in probe analysis and
this parameter can be related to the velocities by means of
1 2 v2
| P=p, oV, |1l-g7 (19)

w
I3 . . - .
In terms of the perturbation velocities v, the above relation becomes

Vv v
P =P, - 2P V,S [2—%‘}71%%—]

oo

where v is evaluated on the body surface. The pressure coefficient, Cp is

defined as

= PPo__ _ 5, Vpev VO y
C, = oy 2 St - o (20)
2 oC oo 7]
Following Karamcheti, reference 25, v? can be approximatea as [v(r)]y +

[v(e)]?

and the pressure coefficient becomes

¢ V.7 = 17, P12 -2+ 1v, 012 (1-tsine) 4 (v, 0012 (1-4cos?u) +

v (2)

0

Vm(x) [—4R'cos@]+-Vw(z)Vm(y)[—4R'sin6] +

\Y (X)Vm(y) [8sinBcosH] (21)

[e+]

and the body surface function f is

feon @y L. L L (22)
' Vz?+8%r? /(Z—z)‘+dzrz‘
| O — +—E 4 Qn[ SANE i ]?-
L ' V(8-2)+8°r?  VzZ4+8%¢? 2-z4+/(2=2) 24872 ||

y (Rz)'u ‘ 22 _ (2*2)2
| 27077 /=)0

+ 2V (1-2)%+8%r? - 2‘/zz+62r1: + .

11




Equation (21) can be rewritten in terms of the angles o and B by noting

that

v %)y sin B

(6] 0

Vm(y) = V_ sin a cos B (23)
Vm(z) = V_ cos a cos B
and, thus,
c = coszacoszﬁ[-f-(R')z]+-sin28[1-451n28]+-sin2uc0328[1-4c0526] +

cosasin2B{-2R"'cosf] + sin2acos’B[-2R'sinb] +
sin2ccosB[4sinfBcosd] (24}

where f and R' are evaluated on the body surface, i.e., r = R(z).

2.5 Angular and Static Pressure Sensitivity

The flow angularity is normally determined by differencing the measured
pressures between the side and top and bottom parts, see Figure 1 for
instance. Since these pressure ports are at the same z and R locations,
the pressure difference is generated by subtracting Cp values at different

#t  locations and
ACP = -4sin®B(sin?0,-sin’0,) - 4sin®acos’B(cos?8,-cos’8,) -
2R"cosasin2B(cosB,-cosB,) - 2R'sin2acos’B(sinf,~sinb,) +

4sin2acosB(sint,cosfl,~-sint,cosb ) (25)

The sensitivity to changes in flow angle is defined as BACp/aa or

EACP/WP. The former can be written as

12




IAC

o o -4sin2acos2B(coszﬂz—coszGl)4-2R'sinasin28(cos@2-cosel) -

4R'c052acoszB(sin@z-sinel) +

8cosZacosB(sin82c0302—31n81cos@l) (26)

This expression can be considerably simplified by choosing 6, and 6, as 90°

and 2700 respectively. Equation (26) then becomes

3AC

p . ' 2
o 8R'cos20cos B (27)

Note that the sensitivity to flow direction in one plane depends to some
extent on the flow angle in the other direction.
3AC /3B can be determined in a similar manner with §, and g, taking the

values of 0 and 180. This yields

——P = 8R'cosncos?28 (28)

Note that the two expressions, i.e., BACP/Ba and BACp/BB, are not symmetric

(X)’

in terms of o and B even though equation (21) is symmetric in terms of v

Vw(y) and Vw(z).

This is due to the definition of o and B. « is refer-
enced to x, y and z while B is referenced to a vector rotated through the
angle n. 1If both o and B are referenced to the x, y and z axes, then equa-
tions (27) and (28) - although somewhat more complex - are symmetric with
regard to flow angle.

Equation (27) is plotted in Figure 3. It is quite apparent from both
the matt.cmatical relation and the figure that the probe sensitivity -
regardless of shape - depends on o and B. A 10% reduction in sensitivity
occurs for o and R of 10°. Note that BACp/Bu is the same for both posi-
tive and negative values of o and B.

The averaged pressure coefficient can be used to determine the actual
flow field static pressure, i.e., P Cp is evaluated at a number of
theta values, normally Oo, 900, 180o and 2700, the results summed and

divided by the number of points. Mathematically, this becomes

13
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Figure 3. Probe Angular Sensitivity as a Function of o and 8




5
<Cp> = cos’wcos’ Fl-f-(R')?]+sin’B l—-z:sin2”i +
1=2

5 5
.2 2 2 .
sin‘cacos B L—z:cos Oi —ER'cosa31n282:cosﬁi -
i=2 i=2
5 5
. 2 . . .
3 R'sin2acos ngé51nei+-31n2acosB£§é51nGicosei (29)

When ei is chosen as OO, 900, 1800 and 2700, the above relation becomes
<Cp> = cos?acos?B[-f-(R'")?] - sin®B - sin®acos?B (30)

which is approximately parabolic with regard to o and B. Equation (30)
also has the same value for both positive and negative o and R's.

The analysis is restricted to small perturbation velocities and, thus,
a total pressure coefficient cannot be directly derived. A quasi-total
pressure can be formulated by integrating the pressure over the body
surface area and resolving this force into x, y and z components. An axial
pressure can be generated by dividing the z component by the probe cross-
sectional area. This has the form of a total pressure but is iess in
value since the flow is never stagnated - except at z = 0 where the body
cross-sectional area is also zero. The functional form of this relation 1is

P2 7Po _ cos’acos®B

sz - q., h RQZ

'3
f (R?)'[-f-(R")?1dz - sinB - sin®acos?®B (31)
o

where { denotes the length of the body in the z-direction over which the
integration is to be performed. The coefficient again decreases in an
approximately parabolic manner with o and RB.

The analytical relationships of this section are compared to measured
probe characteristics in Section 4. The experimental data in conjunction
with the theoretical results is used to demonstrate the general character-

istics of probes in Section 6.
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SECTION 111

EXPERIMENTAL PROGRAM

3.1 Introduction

While the reiationsnips of Section 2 are valuable for characterication
ot prooe behavior, tuey are unot capable of replacing individual probe
calibracions. Tunis is due to the limitations of the derivation ltself,
L.e., loviscld flow and slender body assumptions, as well as tue mauutac-
turing 1rregularities in the probe, i.e., asymmetric construction,
misalignment of pressure ports, static ports not normal to probe surface,
cte. Regardless of the accuracy of the tneoretical derivations, the latter
ellectls may necessitate individual probe calibrations - particularly for
small probes. In the preseat context, the data generited in the calibra-
tiun can be used to assess the reliability of the mathematical model as
w2ll as turnish toe angular and Mach numver characteristics of tne probe
whien will, iu turn, be used in the experimental study of compressor
performance, reference 2o. The details of the probe caltvration arc

Jdiscussed in the foliowing sections.

3.2 Experimental Apparatus

T.e probe employeu in the calibration process consisl-.
trunc ited cone with four side pressure taps nominally norma .
surface. The maxilmum conic diameter 1s 3.175mm (0.1250 i =,
or total pressure port having an internal diameter ot 0.n> ‘.
and the side ports naving internal diameters of 0.457mm (0.0 I
photograpt and 4 dimensioned sketch of the probe are shown 1n Figire -.

The probe was calibrated usiug a DISA 55D90 calibration systvu, retet-
ence 27. This system consists of a pressure controller, stagnation chamber
an1 nozzle asembly and a three-axits prove positioning system. The system
ciements are shown 1n Figures 5 and 6.

The flow and/or pressure controller utilizes a three-stage pressure
regulator producing an extremely stable flow which is supplied to the
stiagnation chamber 1n the nozzlie assembly. The stagnation chamber contains
a honeycomb flow straightner and four turbulence damping screens. This

generates a very low turvulence level flow field. The unit is fitted with

16
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Figure 6. Stagnation Chamver, Nozzle and Probe Positioning Assembly
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four interchangeable converging nozzles. The velocity can be varied from
0.5 m/sec (1.6 ft/sec) to sonic conditions by interchanging nozzles and
varying the stagnation chamber pressure levels. The pressure controller is
nominally supplied with air at an absolute pressure of 144.8 x 108 kgr/m2
(100 1b./in%).

The nozzle chosen for the experimentation has a discharge area of 60mm
(0.093 inz). Probe blockage corrections - discussed in Section 3.4 - indicated
that this nozzle could be used for all Mach numbers investigated. The fairly
large mass flow rates at the higher Mach numbers exceeded the capacity of the
DISA pressure controller and it was replaced with two series installed,
control valves for the high Mach number tests. The flow remained stable
but controllability was sacrificed.

The probe is mounted in the potential core of the free jet discharged
from the nozzle. The probe positioning mechanism is mounted on a vertical
column which is permanently fixed to the main nozzle unit. The nozzles can
be interchanged without removing the probe. The probe can be rotated in
both the angie-of-attach, o, and side-slip, 8 , planes - o can be measured to
an accuracy of * 0.1° while the 8 resolution is limited to % 0.5°. The
probe can also be positioned both axially and in roll. All four of these
positioning freedoms are shown in Figure 6. The probe tip is nominally
located one nozzle radius downstream of the nozzle exit plane. The size of

the probe relative to the nozzle limits o and B to

-20 20

S
Q
{A

0 <8 <20° (32)

3.3 Measurement Methods

The primary objective of the calibration was to determine the angular,
Acpa and ACPB’ averaged, <Cp >, and total, CpT’ pressure coefficients. These
are easily generated from the measured probe pressures and the nozzle total and
static pressures. Since the parameters are all - more or less ~ Mach number
and Reynolds number dependent, the gas temperature and relative humidity must
also be measured.

The angular coefficients are defined as

20
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P3 = Pg

ACy, = —— (34)
P8 P, - P,
which correspond to the definitions of Section 2. The averaged pressure
coefficient can be defined as
<p> -
<c > =P2=Pg (35)
p Pt ~ Py

where <p> = %(p2+p3+pk+p5). The total pressure coefficient follows the
definition in equation (31) and

Cpt = glffgf (36)

t P

Alternate formulations are certainly possible, i.e., replace pt—palwith
p,~ P, in equations (33), (34) and (35) and redefine Cp, as (p=p )/ py=<p>),
but the above most closely follow the theory and should exhibit more nearly
universal behavior.

In any event, all coefficients represent pressure differences and one
is tempted to measure these directly. Direct measurement of the differ-
ences is, however, complicated by the requirement to average the side port
pressures. When all the necessary pneumatic connections are formulated,
this task becomes formidable. Furthermore, the frequency response - which
is already of order of minutes due to the small tube diameters - is further
degraded as a result of the tubing, connectors and fittings required in the
differencing and averaging processes. Note also that the pneumatic connec-
tions are designed for a specific series of coefficients. This consider-
ably limits the computation of different forms of coefficients in the data
reduction process.

As a result of these considerations, the pressures P» P,y Pys Py P
and p,_ were measured independently using a bank of inclined water
manometers. The manometers could be read to 1.270mm (0.05 in) of water in

. . . . . o
the vertical position. With the manometer bank inclined at 10, the

21




maximum pressure resolution then becomes 0.221lmm (0.00Y 1n) of water. At a
Mach number of 0.2, the maximum angular resolution - as determined from
pressure measurements - 1s approximately 0.02° for a 30° conical probe.
Tnis i1s well in excess of the angular measurement accuracy of 0.1° and,
thus, the pressure measurement accuracy as afforded by the inclined water
manometers 1s sufficient. [n terms of pressure differences, the angular
probe sensitivity scales with the dynamic head and, thus, pressure measure-
ment resolution can be iancreased with increasing Mach numbers while main-
taining the same pressure based, angular resolutlon. 1In the test program,
tne manometer lnclination was increased at the higher Mach numbers which
reduced the pressure measurement resolution but maintained the angular
resolution at its low Mach number value.

The gas total temperature was measured in the nozzle unit stagnation
chamber prior to the tlow conditioning devices with a bimetallic element.
Alr temperatures nominally varied from 20 to 3OOC. The relatlve humidity
of the supply air remained below 57 as measured by an Environmental Tek-
tronics Corporation Psychor-dial Model CP-147 psychrometer.

As previously noted, the probe can be rotated along its longitudinal
axls. It 1s essential that the probe side ports be aligned with the «
and B axes respectively. This alignment was done by rotating the probe
until the p,~P, Ppressure differential was symmetric throughout the usable
range. This proved to be a time consuming process because the probe was
extremely sensitive to even the slightest rotation and the manometer
response was very slow, i.e., approximately five minutes were required for

the manometers to come to equliibrium.

3.4 Aerodynamic Cousiderations

The use of a free jet 1u the calibration process presumes that the jet
velocity 1n the vicinity of the probe is uniform and equal to the value of
the nozzle exit plane. Two major factors can influence the above assump-
tions. First, the presence of the probe in the jet creates ''blockage"
wnich causes the jet to spread and can result in a reduction of velocity.
In a closed wind tunnel, probe and/or model blockage results in velocity
iucreases. Secondly, the jet potential core decreases with downstream

distance yielding a spatially non-uniform flow field.
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If the free jet 1is assumed to be similar to an open jet wind tunnel,
then probe blockage effects can be computed using the wind tunnel tech-
niques. Following the methods of reference 28, a velocity decrease, i.e.,
AV _/V , of approximately 1.7% will occur for Mach number of 0.2 increasing
to 3.1% at Mach numbers of 0.6. The results are based on a jet nozzle
diameter of 8.740mm (0.344 in) and a probe diameter of 3.175mm (0.125 in).
The blockage increases rapidly with reduction in nozzle size reaching a

value of 12.2% for a nozzle diameter of 5.528mm (0.218 in) at

M = 0.6. 1In general, the blockage obtained with the larger nozzle,
dn = 8.740mm, is satisfactory; smaller nozzles, however, should not be
used.

The decrease in jet potential core width can result in an apparent
spatially non-uniform flowfield if the probe is not positioned within the
potential core - a potential problem at large values of @ and B. The jet
potential core decreases at the angle 6j which is approximately 6-70,
reference 29. This value implies a potential core having a diameter of
about 77% of the nozzle diameter dn downstream of the nozzle. Data from
reference 30 indicates a potential core diameter of about 0.85 dn at the
same axial location. Consequently, 6-7° may slightly overestimate the core
decrease but should yield conservative results. The probe in the aligned
and maximum displacement positions is shown in Figure 7. It is well within
the jet potential core even in the latter case.

The nozzle of diameter 8.740mm (0.344 in) coupled with the probe of
diameter 3.175mm (0.125 in) yield acceptably low blockage values at o and £
values of up to 20° Furthermore, the probe tip and side ports remain

within the potential jet core at the same angles.
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SECTION TV 3
EXPERIMENTAL RESULTS

4.1 Introduction

The experimental data was acquired using the apparatus and measurement
techniques described in the previous section. Probe calibration data was
taken at three Mach numbers and 91 angular positions per Mach number, i.e.,
g =0, 2.5, 5.0, 7.5, 10, 15, and 20, and « = -20, -15, -10, -7.5, -5.0, -2.5.
0, 2.5, 5.0, 7.5, 10, 15, 20 for each B value; M_ = 0.2, 0.4 0.6. In

addition, <Cp > was evaluated at 16 Mach numbers ranging from 0.05 to 0.60. 1
Data reduction and plotting was automated using the AF Academy computer
system. The data reduction techniques and the data itself are discussed in é
the following sections.
4.2 Data Reduction Methods

The angular, total and static pressure coefficients were computed as 1

defined in Section 3.3. The velocity, Mach number and Reynolds numbers

were computed using the algorithms of reference 26. Since the nozzle

assembly discharges to atmospheric pressure, the Reynolds number and Mach

number are uniquely related with Reynolds numbers of 10505, 23896, and 37853

based on probe diameter, corresponding to Mach numbers of 0.2, 0.4 and 0.6.
The probe Reynolds numbers encountered in the compressor tests will

range from 29700 to 61052. This exceeds the calibration values at the

equivalent Mach number; however, the probe boundary layers are undoubtedly

turbulent in either case and, thus, the difference in Reynolds numbers

should not influence the calibration functions.

4.3 Experimental Data

The experimental results are presented in Tables 1, 2, 3 and 4 and
Figures 8 through 19. Table 1 and Figures 8 through 11 summarize the data
for a Mach number of approximately 0.2, with Table 2 and Figures 12 through
15 corresponding to Mo = 0.4, and Table 3 and Figures 16 through 19 dealing
with daca of M_ = 0.6. Table 4 and Figure 20 contains the results of the

fixed position, i.e., o« = B = 0, variable Mach number runs, i.e., 0.05 <M<

0.6.
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¥ The parameters of Section 2, Acpu, ACPB’ <Cp> and Cp,,» are plotted in

the three groups of figures. Figures 8, 12 and 16 depict the variation

of ACPQ with o, £ and Mach number. Figures 9, 13 and 17 consist of cross-
plots of ACpu versus ACPB' <Cp> is plotted in Figures 10, 14 and 18 for

the three Mach numbers with Cpt plotted in Figures 11, 15 and 19. Figure

20 shows the variability of <Cp> with Mach number.
| The probe performance generally confirms to the analytic relations of

| Section 2. From Figure 3, 1t can be concluded that ACPu and/or /C should )

Py
vary linearily with & and for £ over small angular ranges becoming hon—
linear as rthe angles increase. This trend is shown in Figures 8, 9, 12,
13, 16 and 17. The decrease in angular response 1s particularly evident in
Figures 9, 13 and 17 at the higher values of & and R, i.e., ACPP tends to
increase at a lesser rate as a and B exeed about 10°. ‘

<Cp> and Cp, both vary predominately with o and £? as shown in equa-

tions (30) and (31), 1.e.,

<Cp> = (1-a?=R7) [~f-(R")?]-B"~u?

2 a2 9 (37)
Cp, Ll—'3‘—23—)[<R2>'[—f—(R')Z]dz-BZ_az

Z RQ

a

where higher order terms have been neglected.
;[ According to the slender body analysis of Section 2, only the function

f is Mach number dependent and, thus, ACPa and ACPB should be independent

of Mach number while <Cp> and sz are functions of Mach number. This

, result is more--or less-~confirmed experimentally. The angularity coeffi-

cients are much less Mach number dependent than the averaged static

pressure or total pressure coefficients. This can be seen by comparing 1

Figures 8 through 11 with Figures 12 through 15 or Figures 16 through 19.
The Mach number dependence of <C,> is not particularly pronounced in

the subsonic flow regions. Figure 20 and Table 4 show only a modest varia-

tion in this parameter as the Mach number is increased from (.12 to 0.6].

4.4 Summary of Experimental Results
The angularity coefficients, i.e., flow direction coefficients, and

static and total pressure coefficients behave, functionally, in a manuner
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consistent with equations (25), (30) and (31). ACpu and /\_CpB vary linearly
with o and 8 for small and moderate angles whi1e<Cp> and Cpt varying with
o’ and 87. Both ACpa and /\CpB are independent of Mach number while <Cp>
and Cpt are Mach number dependent. The data scatter is well within accept-
able bounds for angles up to 10o and increases somewhat at the larger
angles. The behavior at the larger angles may be due to flow separation on

the probe itself or flow blockage effects as discussed in Section 3.4,
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SECTION V

COMPARISON OF THEORETICAL AND EXPERTIMENTAL RESULTS

5.1 Averaged Pressure Coefficient

The subsonic, transonic and supersonic flow field about a cone has been
measured by many investigators. Some typical experimental results, refer-
ence 29, are compared with equation (30) in Figure 21. Note that the
conditions correspond to an angle of attack and side-slip angle of 0°. The
mathematical model of Section 2 is limited to subsonic Mach numbers, i.e.,
the Mach number must be less than 1 on all points of the conic surface.
This corresponds to a freestream Mach number, M_, of approximately 0.9 and,
thus, the experimental theoretical comparison has been limited to this
value. The analytic predictions correspond closely to the measured values
over about 75-80% of the coune length. The calculated <Cp> values are less
than the measured points over the latter portions of the cone, 0.75 < 2/% <
1.00, with the deviation increasing as the Mach numbers approach one.

The cone of reference 29 has an included angle of 6.983°, a length of
139.7mm (5.50 in) and a maximum diameter of 34.214mm (1.347 in). The model
is sufficiently large so that the static pressure ports can be assumed to
be normal to the cone surface. The tests were carried out In two separate
wind tunnels, i.e., NASA Ames 2 by 2 foot and 14 by l4 foot transonic wind
tunnels, and both sets of data agree to within the accuracy of the measure-
mente. As a consequence, there is every reason to believe that the data is
accurate. The disparity between the measured and calculated results over
the aft-portion of the cone must then be due to a failure of the theory
itself.

The calculated pressure coefficients for the cone probe of Section 4
are shown in Figures 22, 23 and 24. Figure 22 depicts the variation of the
averaged pressure coefficient as 1 function of position, z/{, and Mach
number. The section diagram shows the location of the static ports and the
point of cone truncation. Figure 23 is a plot of <Cp> as a function of
Mach number while Figure 24 shows “Cp> as a function of a and B.

While the general trends of the data are reproduced by the analysis of
Sectiom 2, the overall levels are considerably less than the measured

values. As noted in previous paragraphs, the mathematical model tends to
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underestimate the ‘Cp - values on the latter portion of the cone. Other
potential sources of error are static pressure hole diameter and depth,
references 30 and 31, hole geometry, reference 32, hole not normal to cone
surfave and turbulence level, reference 33. It was initially believed that
the truncation of the cone might alter the measured static pressures. The
low and variable Mach number tests of Section 4 were, however, repeated for
a sharp-nosed cone with little or no change in the measured pressure
coefficients. As a consequence, it was concluded that cone truncation - of
the magnitude shown in Figure 22 - does not influence the static pressure
measurements,

The magnitude of corrections for pressure tube geometry are of the
order of the difference between the calculated and measured values if the
static holes are slightly rounded, i.e., a correction of approximately
0.5-1% of the dynamic head for a corner radius of 0.114mm (0.005 in). This
effect, coupled with the underestimate of Figure 21, are probably the main
cause of the discrepancy between the calculated and measured values, e.g.,
Figures 20 and 23 and Figures 10 and 24.

The difference between the calculated and measured results again points
out the need to calibrate individual probes, particularly the extremely
small sensors used in turbine engine tests. It is unlikely that probes of
the type and size discussed in Section 4 can be manufactured without some

anamolous behavior.

5.2 Angular Pressure Coefficiernts

The angular pressure coefficient data of Section 4, Acpa and AC can

be compared to the theoretical results of Section 2, equation (25). pEqua—
tion (25) infers that Acpa is proportional to the local surface gradient,
dR/dz, the sin 20 and cos’f. As a consequence, Acpa is approximately
linear with o for small angles of attach, is independent of Mach number and
is only slightly dependent on 8 for small B values. Calculated values

for cha and ACps as a function of o and B are shown in Figure 25. These
results are in general comparable to Figures 9, 13 and 17, although the
magnitude of pressure coefficients is overestimated by the theory. This

may be due to the error sources noted in Section 5.1. Rounding of the
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pressure ports coupled with a slight misalignment of the ports, i.e., not
normal to the local cone surface, may also contribute to the slightly
overestimited values.

The experimental values are reasonably independent of Mach number as
predicted with only slight variations over the Mach number range 0.2 < Mo<
0.6. The angular functional relationships of equation (25) characterize
the data up to 2 values of lSO. Beyond this point, the curves assume a

double-lobed appearance which is probably due to flow separation.

5.3 <Calibration Functions

The theoretically derived averaged pressure coefficient agrees well
with experimental measuremeuts carried out on large cones. The agreement
- in an absolute sense - 1s, however, much poorer on the smaller cone
probe. The functional variation with o and R is correctly predicted by the
theory but ag ' o the magnitude of change is slightly overestimated by the
cootdlicns 0 Yeotion 2.

The angular pressure coefficients of Section 2 exceed the measured

values with the dependence of AC and AC on &, B and M_ correctly repre-
P Py, o y P

Pg
sented by the theory. Since the functional relationships are correctly
predicted by tne slender body theory, the equations of Section 2 can be
used as a tramework for a series of empirical calibration relations. These

will take the form

<Cp> = fl(Mm)coszucoszB - ClsinZB - Czsinzucosze

f.Cp'1 = CBSiHZQCOSZB

ACpB = C,cosasin2f o
Cpt = fz(Mm)coszmcoszﬁ - Cssin28 - Cesinzacoszﬁ

where £,(M ) and f,(M ) are functions of Mach number and C,, C2, C3, Cy, Cs
and C, are constants. All of these parameters will depend on the body
geometry.

Note that the functions of Section 2 are valid in a comparative sense,

i.e., the effects of Mach number and body geometry on the pressure coeffi-
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clents can be compared for a series of probes. This implies that the

theoretical relationships can be used in the preliminary design of pressure

probes while the tinal configuration must be calibrated.

e

- e B By
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SECTION V1

GENERAL CHARACTERISTICS OF PRESSURE PROBES

6.1 Iatroduction

The theoretical relationships of Section 2, while .ot capable of
replacing individual probe calibrations, are suitable for evaluating sensor
geometry and Mach number effects. Fucthermore, effects of probe alignment
on averaged and angular pressure coefficients can also be determined.

These effects will be discussed in the ensuing sections.

6.2 Influence of Body Geometry and Mach Number on the Pressure Coefficients
As was noted in Section 5, the angular pressure coefficient 1is
primarily a function of body geometry and flow angle and is independent of

Mach number, 1i.e.,

ACp = 4R'sin20cos*B (39)
o

Consequently, the sensitivity to flow angles is directly proportional to R'
or dR/dz. For example, the angular sensitivity, SACP/SQ, of a 40° included
angle cone 1s 2.06 times greater than that for a 20° cone. It would then
seem desirable to choose a large cone angle in an effort to improve angular
sensitivity.

Since the probe 1s also to be used to measure total and static
pressure, tne effect of increasing cone included angle on these parameters
must also be investigated. Calculations for a 200 and 40° cone have been
carried out using equation (30) and these results are shown in Figures 26
and 27, These figures depict the variation of <Cp> with position, z/f, and

Maca number. As can be seen, <C_ > increases with increasing conic angle as

p
dues the sensitivity to Mach aumber, i.e., at a given z/? location 3<Cp>/3Moo
increases with lncreasing cone angle. The latter infers greater Mach

number dependence for the static and total pressure coefficients - an
undesirable characteristic.

While increasing the cone angle increases the angular sensitivity, it

also 1ncreases the Mach number sensitivity. Hence, a trade-off between
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angular and Mach number sensitivity must be made and the cone geometry

selected for a given application, i.e., flow angle and Mach number range.
While flow direction probes are normally formed from either counes or

hemispheres, other shapes may be used. Figures 28 and 29 show the varia-

tion of <Cp> with z/% and M_ for two bodies having

R _ z
- / 7 tan 6C (40)

so that dR/dz is equal to 1/2 the value for a cone of included angle 25c at
z = %. <Cp> tends to be much less sensitive to Mach number than the conic
sections of Figures 22 and 26. At the same time, the angular sensitivity,
dR/dz, is also reduced unless the static pressure ports are located well
forward on the body, i.e., z/% v 0.2. While this geometry appears to be
superior to the cones, it might offer manufacturing difficulties since the
static ports must be located in a region of fairly small radius. If a
relatively large diameter probe can be used, this may pose no problem.
Agaln, the sensor geometry must be chosen for a specific application in
order to satisfy the trade-off between measurement accuracy and manufac-

turing ditficulties.

6.3 Effect of Probe and/or Side Port Alignment on the Pressure Coefficients

The influence of probe and/or side port alignmeat on the angular and
averaged pressure coefficients can be ascertained from equations (25) and
(29). The port locations denoted by 64 can be rotated relative to the
design locations of 00, 90°, 180° and 270° and the resulting coefficients
computed.

Probe misalignments are of two types. The first consists of a manufac-
turing defect where one port is angularly or axially displaced relative to
the other three static taps. A case of this type is plotted in Figures 30
and 31 for a 30° cone probe with one port displaced 2.5, i.e., Ci = 2.5, 907,
180o and 270°. This results in a skewing of ACpu and ACPH with <Cp> also
displaced. The nonlinearity in the differential pressure coefficients is
quite obvious at the higher t and [ values.

The second misalignment consists of a rotation of the probe body itself

relative to a fixed or predetermined coordinate system. This could occur
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tu a turbomachine application during installation of the sensor. In this

case, all O values are displaced by the same amount. The angular and
averaged coefficients are plotted in Figures 32 and 33 for a port displace-

)

ment of 2.5% Note that ACpa and ACp8 are strongly influenced by the rota-

tion, but <Cpy> is unchanged.

The independence of <Cp> with regard to probe rotations can be employed
to 1solate probe manufacturing defects in the calibration process. If
Acpa and /\(‘,pB are skewed but <Cp>is symmetric with ¢ and/or f, then the
probe 1s merely misaligned. If, however, both ACPa - ACPB and <C,> are

P
skewed, then the probe ports are not normal to one another.

58




Ty O, R i T

T | T L I N I H 1
0.70 —~ —
| T
T 20
0.60 r— —
T
0-50 — \ -
™~ 15.0
0.40 | e
\T\\ﬁ @
N\\J 10.0 &
0.30 -
—~ 1.5
0.20 ]
i | |
——
o ————1 2.5
20.0 \J~~4~Jqq
0.00 | 10.0 L1 |
R i PP
-20.0
-0.10 |- ALPHA -
i 1 | | 1 1 1 1 |
-0.80 -0.60 -0.40 -0.20 0.00 0,20 0.4 0.60 0.80
-C
l)‘(
Frgure 32. Angular Pressure Coettictents for a 30° Cone Probe.

Side Ports _ocated at O = 2.50, 92,50, 182.59 aud 272.59,
2/9 = 0.68 and Moo= 0.2

59




e o i g i ot L il e

I | | R I 1 | I 1
-0.03 |- -~
-0.06 |- -
-0.09 | -
-0.12 | _
-0.15 |- 0.0 ~
- 5.0
-0.18 |-
. 10.0;:5 ]
| ’ |
, -0.21 |- -
H 15.0
§
: -0.24 -
20.0
-0.21 -
| 1 ] ] ] | 1 1 |

ALPHA, DECREES

Figure 33. Averaged Pressure Coeflicients for a 30° Cone Probe.
Side Ports Located at 0; = 2.59, 92.5°, 182.5° and 272.5°.
z/% = 0.638 anu M, = 0.2

60




- e At e e AT AETe e -

&
.
3
APPENDIX A
4 PROBE CALIBRATION DATA
{
|
{
!
61




422570 3463)°)~ 45203 YR A M} 231°99/2 2n6*561 129°63/ Cul* 8k EEEMEEY
62360 6310 0220°90 119¢°0 VL4l 187 T9c77062 2Lt /r32 281802 53652/
1286 %0 5550°0 £120°0 522*1 362687 §46°26¢ "83%dd/ 9e¢i° 808 096402
23d5°) ST%)°0 9120°0 9247°0 9§6°682 £98°1647 12168y 3601°304 836°24¢
"166°2 69%0°0 6020°0 £211°0 3.8° 692 S61°164 SL7° 68l 6u2° 608 83€°PU ¢
2§65°0 66%90°0 9020°0 62909 G60°06/ 295° 061 204647 662308 g36° 84l
¥§55°9 £363°9 2220°0 c600°0 $41°062 £00° 062 Sh1°5d2 502°3039 236~ 83!
If66°) 6390°0 9120°) €290°0- 2607067 £26°68¢ 5497644 0027308 ?36°088¢2
9§66°0 99%0°0 2€20°0 3250°0- 116632 660°68¢ 939° €84 602808 636°392
21256°3 91%3°0 #9200 GIGT*0- HEG~ 68/ 827°982 211682 002-303 R95°2382
1635°0 I%:0°0 56202 3902°0~- S56D°6BY gIv° 882 $09°38. £91°008 826°8e!
624672 6£12°0 6920°0 S21E°0- Slz-132 896° 282 651232 26v° 808 #36°88¢
22150 851)°0~ 21800 002%°0- £01°98/ 289282 505°632 131°3)¢ 235°832
(Iviai (39yvd3Av) (Y138) vAdIY) N2y W) 024 RJ 02d W) 024 A) IZH &)
d3 d) dJ ¥1133 ) v113) Sd d id id Sd
4 * 92901 331°) S
uz:~<%uwwwh 3IVu3AY SITONA m:ww<mu>< mmmm%« 3 w 3
<
0060 0500°0-~ 19§00~ 468970 196° G4/ LAY Y 60z "33/ §/.2°208 8946°23d/
6%36°) §£220°0 %0200 - 692¢°0 565282 LA SR 1.V 136131 Tg2°308 836°3e2
£296°0 %6£0°0 6220%)- 952270 36)°684 "0N0* 562 186684 215" 80#b tlitewl
1286°0 7592°0 ££20°0- 61210 556°632 892° 262 838522 9/5*804d ST 6wl S°4d
6165°2 "6%3°9 6%20°0 - 9611°0 T6%°682 952" 1642 026°634 502°308 ?36°dal 0°S
28660 G260°9 £920°) - 4130°0 R29°682 159" 062 nB1°062 1c2°4C3 836" 88B¢
2856°2 6§50°0 35200~ 3110°90 delt532 S01° 062 232°05¢ 212°8308 295°88/
2166°0 29632 962070 ~ HiG0°0-~- %19°687 696° 682 291°062 502°202 B35° 042
28650 2290°0 £920°0-~ 6260°0- 639642 211° 642 Gl6°682 261°908 896° Ry ¢
1266°) 32930 2620*0- 1667170~ §Q1°682 1827482 136763/ 341°303 R96°88¢2
23650 4580°0 2620° 2~ 11120~ T119°382 XA 1P "6Q°632 ds1°303 B36° w3l
L6 0 86130 £220°0- 112€°0- 6627282 1864812 0el*lal 622308 836° 384
15e5°) 43¥)°) - 2§20 70~ 228%°0- G2G°Gy/ G66° 284 635634 262°30¢ 335° 391
CW131)  (39vy3Av) (v138) (v4dlv) 224 W) 02H W) ned W) 524 AJ 02H d)
42 R dJ) Y1137 d) vi13] Sd "d £d 14 Sd
1°61 *S56901 341°*0 0°9
umD—qw_gw_mup ENLEREY) wudcumwuzuu<uu>< Lumﬂ_mu%qga>< w—mnuum




69162 7123°9- AR Rl 22390 I%2347 125°%64 CISAR FY] EF R AN 237° 5023 &S M Y] He4"2al  D°02

¥9646°0 9802°0 s721°0 7GEE°0 £96° 28/ n29* 261 A43°6d¢ [12°94¢ §22°304 LT AR 9.5l U061
97860 ¥620°0 622170 9§12°90 I0§-6u2 $16° 061 (AFEEFY, 344°34¢ 119" 394 Ind° 208 wg6 Lyl 0°01 * 3
6936°) 251972 2051°0 21310 FAVAY Y'Y 292061 §62° 744 [\ VA RNEY: 16¢2°928 8792° 208 wi6~ 182 S°U ;
60660 004270 £081°0 15019 359° 067 366 6482 933444 th5 24y $93°203 oo L0 »:16°48L 0°6¢
1i65°0 (AL R 01£1°0 09500 619°06/ 508642 IR AFT ¥ STAFEY M2~ 193 52203 t22°331 s°2
1§65°0 CE%0°9 92¢1°) £200°0 182°06! 062° 88/ %02°a3¢ 1317331 9922103 G218°208 22°982 0°0
1£56°0 1293°) SHEL=0 1250°0- 963°0627 162* 884 321°382 252°4 42 LLTAN ¥ L5202 6227332 S°2-
31656°2 S3£2°0 19¢71°0 €201°0- 1iG~16. 088° 842 $E6°68/ 593°"6¢ 492302 21%°308 Fl1E"6RZ  0°G- ]
1688°0 %5370 £8E1°0 8031°0- %02°16Z 1257844 135°33¢ 166°15¢ £12°803 31%° 208 §1£°60L §°/-
6%86°0 222379 065 1°0 6%12°0- 277062 v§2° 492 890°832 sifcel 921°3)3 "1%° 3203 §1§°682 0°0T-
§535°) 2363°3 185190 S22€°0- Mh9687 9047292 908°94¢ 656°76! Ns2*107 913 RG3 F15°63¢ 0°S!~
1226°) 58120 9921°0 $069°0- 269°28/ 6217282 £22°632 1927564 %i0* 123 129°13193 t1£°682 0°02-
CIVE01)  (39v¥3AV)  (ViIW) (y4dIv) 624 WI I2H W) 024 W3 224 4 92H 43 02H 4D 924 @3 9139
4) d) d) Y1130 4J vi19 Sd vd id 24d 1d 1d Sd VHd Y 1
(AR “2€601 S0 5= ¢
uz:~<muwmm_ 3IV3IAY mudamwwusuw<xu>< xuwWWu%qmw>< wwmm
3926°2 "919°0- £990°0 16640 o%a-agy 262561 558532 XD REEY 9:5°908 160°3038 P35°33L 0°0?
533570 £¥10°) 4020°0 2LEE°0  Bf£R8Y 210°762 §25°¢3¢ s95°2al £6£°203 g01*3¢C3 B36°231 D°S1
62369 2820°0 0120°9 2nz2-o 0%9°68¢ 18§°264 IR2°83¢ 560°334 834%203 Ce0° 308 36837 0°01 ,
983670 03%9°0 92,00 2331°0 5in°062 520°264 1507332 L62°38! 222°303 "o %303 glETews 52
i186°) 2E%0°) 621400 2z1t~0 $61°062 92§£°162 955 642 130°54¢ 632399 149°803 ili*s8s  0°¢S
$256°0 SInd°0 6220°0 0650°0 110°16/ 102°062 "13°637 126682 PR F R TY] 26h°3C3 P1EC682 42
7566°) 06%9°0 2210°0 6300°0 1337162 931°362 902°632 TE0°0€! 632°a23 £5(°3039 f1£°6ws  0°0 .
1256°) 219)°9 £620°3 23%0°0- 150°167 %89°68/ $09°697 9267261 93£°303 204°308 f1i°637 6°2- :
212660 Se%0°0 69400 2660°0- 959°067 592694 as£°63¢ 317162 13£°302 106°863 §1g°682 0°¢-
»165°) 2650°0 0820°0 6261°0- %16°062 863°384 912°64L 2i4716¢ 0%i°303 905°202 P1E°682 S 4-
6236°) 61£3°0 %640°) 0212°0- £:0°062 "96°88¢ 60633/ 719°26¢ 822°333 016°808 f1i*682 0°01- '
9975 °9 611275 £9.0°0 5§228°0- 1i9°8a8l 583°89¢ 831234 3L2°m64 626203 2e%° w08 £I1§°682 0D°S1)-
Mis=9 1219°0- 9210°) ¥92%9°0- 956°9yy 01828 135°682 366° 567 c£2* 293 167°323 ilEt63l  3°02-
i CIV101)> (39v¥3Av)  (vi18) (vidiv) 024 W) 024 W) J2H W) 321 W) 024 W) D2ZH AJ JZH WD 330
: d4) dJ d) ¥1130 J43 v11?7) Sd vd id 24 1d 1d Sd v4dv
(S PE 19601 <310 v°s
J 930 433409 Y3BWNN 2340
JINLIVEILNTL FIVHIAY STIONAIY 33VHa3AY A3VA 39¥N3IAY vile
Tta TWOCoUnad [TIUC) CTATI04=0AT4 AYY d0} SI1UAIOT]IA0) AINESa]

(p,u0D) 1 I4VL




y1d3-0
4)24°0
21560
@236°0
22360
6226°0
Y5
"%26°0
6226=0
2435°)
0656°0
33860
23330

(viol)
43

59350
IEN5°)
SE26°0
2186 °0
56356°0
4886 °0
9536°)
£636°0
428670
3535°0
16260
89660
6315°)
Aduwn:u

12930~
05120~
20030
3100°0
6900°0
1210°0
i%19°2
0%10°2
St110°0
2302°)
0500°20
$202°0-
1382°0-

(39V43Av)

dd

2322°0-
%:00°)
8220°0
2422°0
32:0°D
2982°0
895800
28i0°0
1§£0°0
49623°)
032%°0
2503 °0
6%920°)-

(33vH¥3Av)
dl

61220 93450
918270 230§°0
210£°0 0681°0
1408 °0 11919
62080 2330°9
250¢°0 0fg0*0
8905 °0 »810°0-
201%°0 1%20°0-
L42158°0 2h21°0.
802¢£°0 £621°0-
£81£°0 26¢2°0-
1%0£°0 032§ °0-
2%932°2 €35%9°0-
BRI
S*31
J 93]

3YN1VYIINIL 39V HIAY

6261°0 9E2%°0
£921°0 "42€°0
96810 9602°0
9881°) 6651°0
£161°0 02010
£161°0 8l{%0°0
SE61°0 8%00°0-
0261°0 4850°0-
9861°0 22110~
5102°9 £331°0-
2102-0 £2£2°0-
9% 170 228§°0-
Y6910 £14%9°0-
a9"¥i%30 W3,
£°61

uz:»c@qum_ 0V HIAY

218082 229° %4l £43°522 $i1°32¢ 9312°962 Y1564 a30°032 0°02
2152*?82 962242 0id*9212 2%6°97¢ 65" 16! 80l s58¢ 3p3°%82  2°61
1695464 900°1RZ 2981212 6482214 691361 063" 662 900°082 6701
32195/ 018 052 832%322 308° 274 vigtase 242°5661 900°C82 672
EEARA 'V} /G621 219841 2982212 €Incge6! 980° 56/ 300°282 0°s
AL XV} 558" RLL "28°3¢L2 32€°8¢2! 596 R6! 280° 664 900°082 ¢°2
£29°%37 LR RS VY 023524 LY AR DY "58°262 aglre6s6¢ 8393°032 ©°0
12898/ 896244 026°8211 ILE 8L 216* 362 666°HSY 900°35¢2 6°2-
632-93¢ 2198°1¢1 $: 9%l YT AEYY] 6949°36¢ Ne6°36¢ 900"t D°S.
695 * w8/ BEE° 2.2 222° AL 239" 08¢ oz 351 L2h6°306¢ 322°J)82 4*L-
926°£47 n91°242 2882112 3E%°134 212°062 G66°ahl 9¢5°937 0°01-
229°28/ S68~92y %i3*922 20174 222%¢62 a:0°562 302°082 0°GT1-
689°0b 2 928°922 24962 %30° 582 968°96¢ "92°564 300°Cs82 0°02- !
024 W) 32H A3J 024 W) 02H Wl 02H W) 02H W) 92H Wl 213N
Sd %d id 2d id id Sd vHd1y
"70501 331°) 2°G1 3
Y3340V ¥3AIN 530
SOYGNAIN 39vy3nay A3¢d 30VHIAV viie
3
6§2°232 362° "6 1 S6T1 %3! 331°58¢ G324°G)32 6G65°223 642832 0°02
£240°682 g98%°26¢ 189+ 6e ¢ a21~98¢ 22G6°903 665° 203 6:2°39¢ 0°6Y
229°062 028°064 993332 131°33¢ 620203 066200 6122832 0°0¢
806°062 260°062 wiz*l3l 953" 1ag¢ 621°2103 195° 104 612°382 S°U4
992164 615°681 08G*2814 LA A E Y] 932208 ans* 208 622837 0°¢
336°162 362°R82 023°23¢ §28°¢8¢ £28°2082 196202 6L2°38¢ %72
Bf6 162 ons*88 e £12°087 2%9° 882 229103 £43°408 £23°332 %°0
€92°2614 968°9082 £59°03¢ 126°54d1 830823 £12°309 836801 G°2- “
333-262 2215° 182 612331 9162 £26°2)3 602°c0d 83(°887 (°5%-
"G21°162 699 292 1882382 I"e 062 216207 i61°30s 23688l St u1-
132°16/1 918182 Tt °28¢ 193152 132°203 §31°2cs 996°33¢ 0°0t- ‘
1£6%¢68/ 9.8°* 982 A61°932 3652°i6¢ "%g"203 %41°309 936°382 J°Sl-
"26°182 091°9¢2 Si9° %8l 002°G62 #56°922 Qe V408 R36° 43¢ 2°02-
224 w3 D2ZH WD 02H WJ 024 A) UzH W) 0cH W) 024 W) N33
Sd 74 id 2d 14 id Sa YHdIY W
“62901 931°) 0°01l
wa_:mwwnu“o<xu>¢ xuwmeu“ma>< wwmm

o e DO W LS R4~ N




. e e - e P TSN g s T
v e e e SR T Y~
s -

S
242872 1430°9- {898°0 24tr-0 SL1 98y 2997684 816~ 222 wivn<ll? 502°86¢ c1s-to8 61y°282 0°02
63249°0 96%3°0. 356%°0 n022+0 AR BT Y] 3gE 182 535%322 wel1°3lt 951661 206°108 6l¥*2y2 0-41
4936°0 39§0°0- 168%°0 2691°0 $59° /8¢ Y6"=182 068614 9sE 84 619652 21%°193 6l%"23¢L 0°0t
12160 20£2°0- FUENt0 26110 831° 36 182°08¢ G25°544 336344 928°686¢ 665100 6159282 gy
3226°) 120°0- £127°2 0890-90 086842 £20°086¢ 585°242 2dé~34d 433°303 y6f°108 £1v°24¢L 0°¢
36i6°0 2914°9- 6115°0 £320°90 2119812 018 82 1£2°082 5Tw~3Le 697°66!2 939°Co® Gr2°1el <°2
i8:6°0 IN13°0. 19120 6520°0- £65°282 3097244 612°524 XA VY] 238 ase 563" 20 093132 0°9
36z6°3 2%13°90- 202%*0 "%80°0~- G§2*287 063924 an2°64¢ EET R ¥ 6N 36¢ LAYAR 1Y) 36309 5%g-
#2569 6310°) - 89£%°0 82210~ 02£7°987 LATAR YD) (2R Y ¥ 599°322 526%262 262° 882 168° 0862 D0°G-
06269 3222°0- 666990 59210~ 15%°937 280°344 Sla°Lil 3517644 S516°16¢ co%-66Z 16s§°08 6°/-
25167) 7629°0~ %8690 3d12°0- 120°982 900°924 LLEAN¥Y! 551°23¢ 892151 50562 15¢°082 0°01- '
95800 G0£0°0~ 292%°0 BITIE*0- T1£9°%982 "96°G641¢ $E5924 324719102 2g2° 16 £19 6ol 16§02 0°S1-
$9£0-0 £2%90°0~ 2925 °0 GLENTD~ 6317284 £66°G14 196322 V6 iae 112°982 1E9~ 662 16£°082 0°02-
aquwc~u -muumw><— mw««wwwu v IQMJWu owmmtu Owumzu QNM&&U uwmaxu owﬂaxu awﬂmlu uwnnlu <mwwc
021 “62%01 3310 0°0¢
wz:~<%u“hw» 3D¥y3IAY wuaoumwu:“u<mu>< 1umWww%uxw>< mwmm

! TAQOd [UoTUO) CPATd04=0aT ] YL A0L STUATIT 100 aanssasyg |

(P 00y oyl

o b - Koo L ammame san




53%6°0
3166°0
1%66°0
3266°0
21650
32231
03031
0000°-1Y
6855°)
0000°7Y
12650
2466°)
2166 °0

(Ivio1)

43

2I%5°0
"56°)
3766°)
2209°1
3302°1
0000°1
0323°1
02391
0000°1
3333°1
2665°9
an565°9
31156°)

(Iv)01)
d)

432)°0=-

S$E03°0
a%20°9
3182°0
£0£0°0
21%0°0
¥6:3° 2
63%90°0
%3£2°0
6620°0
2123°)

2%00°2-
9650°0-
(39vHd3AY)

d4)

$920°0-

39000
£520°)
7980°0
EINI°D
£290°0
62900
St%0*d
23§2°0
00£3°0
602090

5500~
12920~
(30v¥1IAY)

d)

J
IYNivy3l

J
Idnivyd

£1£80°0
10£0°0
S1£0°0
£1€0°0
$620°0
11£§0°0
0£EL0*0
£1£0°0
£EE0°0
7950°0
08£0°0
6650°0
29§€0°0
(vi38)

4l vi130

9220°0~
2120°0~
1920°) -~
0£20°0-
1520°0-
2920°0-

218200~

2§20°3-
£120°0-
%020°0-
c@In=d-
2020°0-
H620°) -
(viigy

d) Y1713

o]
9
d

we .y

S
9
d

SY1%°0
0ese-0
9fn2-0
f1161°C
86210
i%20°9
6300°0

S3£0°0-
%960°0-
"291°0-
9112°0-
692§°0-
2E9%°0-

(YHd1Y)
4l v113]

1 3Iv4INY

PA A A/
6655°0
0in2*o
14541°0
w2gtta
%220°0
35 10°0

96£0°0~
0£60°0-
2671°0-
230270~
an2E-0-.
Yhhy 0.

(y4dIy)
d4) v1i13]

1 3Ivuinay

i

...,_,,;; PR eny

329°99¢
998247
2:2°282
LERRS ¥ P
925992
819°164
086°19/
922°%22
129°%93¢

02H W)
Gd

10%°992
G2€°5212
270182
1362812
35t°s8’
45198,
tIv°98L
l58°982
06263/
6568°€82
202°184
229521
667°%9/

c2n AD
Sd

296°¢28
019°viw
S16°908
%0£°£09
169° 264
182%68¢
B8§9°cny
£00° 732
£95° 182
n12~282
990°8/4
£6£°622
922 8t!l
024 W)

905918
f11°808
901 208
8g2° 162
022° %62
G20=162
081882
T1%° 98¢
LALLM KPS
621282
2 3%° 082
689" 242
181°G42
0ZH R)

whh =021
8l1°8622
£31°332
G9i*881
£06°13¢
W69 %3¢
£89°%3¢2
9271931
f0r~i8e
fav°832
£31°344
053°V12
53%7°132

0ey 42
td

13%°93¢
162°6GL¢
153°138¢
¥5)°53¢
02z -e8¢2
261°03¢
565°334
£06°88/2
91i°132
052°53¢
S89°23;
125°541

229°%3Y

0e4 W)
§d

]
HIV

ini62¢
2287132
I66°i e
20%° 53¢
139°38¢
33e-zae
91894/
155284
3397267
5337303
529162
¥65°597
§52°918
3ZH 4D
co

£3%°0
EET ]

4 ADVY3IAY

3i%~eLd
Sv2°n1
191°621
132511
2466182
638l
IvE*93?2
102°6382
)63 2€!
Iv8°56¢2
INLT 662
234123
£4%9° 313

816° 443
£61°1889
258°283
nl6° 243
9194913
235°743
236° %43
2:%°%13
B2E* L3
696183
£62°943
£3€°9423
%21°043

628 A4
14

808638
80242
SE5°9¢42
268 °543
AF A TXE
138°649
123°G623
629313
6:9°323
602°943
226°9%/.9
1e9°948
261213

02H Wl
Td

<y N

2¢6° 283
161299
a07° 146
2%93° 284
iv8*"ie
205°%28
206°%/8
2iwt L8
2L L8
%6183
205°%.8
T15°%28
1499 .2
g2d A)
1d

LA TAR VY]
622°52%
220" 248
2617513
291528
188°649
i@s*GL8
619928
6£§2°9/8
602°923
6£9°9.8
216970
363°¢d3
cwqmtu

elit68d
f1E°68¢
fl1E-682
17682
612312
Y:i0°298¢
922" 23¢
%20°26¢
Y20°238¢2
rlg-68l
»20°23¢
v43°282
7¢0°284

32H 4D
Sd

61%* 282
s1%° 28
2yt et
8ot gul
£s%tial
f67°£82
£6Y°£82
FAR S 27
A S 17
AR RA 27
291982
291982
21t %9l

G2H W2
Sd

c°c?
erct
ce°o1
52
0°s
g2
0°0
6°¢-
[T
S$°L-
0°01-
0°sV-
0°02-

2348
YHd 1Y

002
0°s1
0° 01
L ']
0°s
52
0%

s 2-
0° G-
S L~
0°0V-
(St
0°0Z~

930
YHd Y

66



1276°90
1625°0
65660
2166°)
4265°3
03001
33231
33301
6866°0
2966°0
M55°2
0"66°0
0656°)

(viol)

42

0056°
££66°0
IM56°)
2966°)
26660
26569
00001
333%°1
2655°2
2666°0
565660
0265°0
6956°0

aauwchv

699070~
2312°0-

S510°90
"823°0
s220°0
S1£0°0
G2§0°0
1189°0
9823°0
2220°0
49100

9210°0 -~

63%0°0-~

(39v43AY)
4l

3820°0-
2900°0-

%6332
1620°0
2%%0°0
2680°0
25§00
221830
2v:0°0
82290
6312°0

0200°0~
67£0°0-
(39vy¥3AY)

dl

dd

62¢1°0
2Enlco
06910
CRR N o]
089710
#6910
8110
29512
2£S1°0
6261°0
0131°0
0£31°0
99610
(viig)

d) ¥4§330

3.933¢0
IYNLIVHISNIL I3VHIAY

$850°0
£260°0
18200
2280°0
é290°0
S280°0
¥680°0
8280°0
692090
%160°0
0%60°9
$960°0
%260°0
Acwwsu

J
34Nivy3

130

9605 0
833£°0
B8£2°0
9181°0
£321°0
2530°)
¢ei1o¢
0990°0-
31010~
9231°9%~
82120~
LA 2 Pk S
i93I%°0-

(YHdTY)
43 ¥113)

064%°0
1328°0
€2%2°0
3181°0
62i1°0
2630°0
%310°0
82%0%0-
£)01°0~
0351°0-
39120~
BGEE*9-
cy2u°0-

a5"7 1%%

1 3Ivy3IAY

REG= 04,
215064
082%2614
892°0089
R36*108
v7g-2Je
6215089
2%0°£08
t531°228
I3n-028
261°862
S0L=néy
959032

02H W)
S4

296°G1L2
GB86°93¢2
619562
LA TY
0g£1%962
668°662
£18°662
26%° 662
192262
"21"96¢
912°%62
06£°99/
2§9°9¢22

024 W)
Gd

£0G6°£2¢0 200°83¢ 5z8°32¢2 205°543
s21*918 4 A Y ¥4 618°4¢ ¢ 2igtfgs
2162°509 Ba3s°fal 343°:82 bR AS R
2612049 $37°93¢7 tig°s502 828°:93
£42°864 132337 3.0 282 9)b° L8B3
620562 956332 536°d8!2 249°£83
6G65°262 652682 c22*16¢ 249°£82
862° 682 8627337 130°96¢ 218542
6201281 916°232 th1°262 fiG°ta3
226°582 9G63°5312 1£9°208 G2f°eg@
286°£82 G22°fal 451° %03 911°¢£R3
g9%° 08} 309°622 1£2°2139 glt1°r 88
hGn 922 2317332 706123 236°643
024 W) 02H W) 32H A 02ZH A
%4 td 24d 1d
~5s682 13%°2
wuaonwwu:uw<zu>< lummuu%“mu><
299°%28 215042 2:2° 08¢ 21%93°623
Ir1*918 11932 252°182 633°§09
000°809 BEZ2°982 250582 029°£32
081°v08 923332 519°932 009°¢£482
566008 0£5°38¢ 512°38¢ sel°ie3
291°261 166162 23t~106d 61l°183?
290°G62 625162 I3Ei6! 6il°5@9
11§=262 18i°152 332°36¢ 682%i 83
£82°682 9%2° 681 "65° 864 640°£82
%3f£* 482 §22° 2312 )32°108 6%0°£89
285642 610°*%S82 65 %S08 1212283
199282 31%° 122 133°¢13 122°293
1867281 f53°832 131223 088°343
02H W) 024 W) I2H 4D 92H W)
"d td 2d Td
*000%2 139°)
wodonwwn:uucmu>< Luwwwmmu¢u><
PG =aATY AT J0T SIUALIT§A0) SAnsSaLd

W toqodg [Eapue)

(P, uon) 7 Jvl

_“w N

<2 O
[asl "]
WO W

226°ne8
026°nr¢e8
IALME T
210" %733
210°%38
24%°5 89
249188
249"t ge
249°£ 39
cig~se8
21%°£33
249°§32
229°t68

02H W)
14

£05°738
c62°%39
951 %32
296 508
d03°rvR
803°13@
682" Tu0
682°1@@
613"t 9sd
611°¢88
EARSS L]
6%0°fue
6%2°t88
owua;u

Iug162
Tai~tes
tag-le!l
1asr=16?
tez"16¢
30" 162
3z3°162
3:0°161
g0 162
9s0~1¢2
EHE A 1.7}
9E6° 16!
9g0* 162

02d W2
Sd

183162
18162
18:°162
138162
13£°162
13162
16£ 16!
198 -16¢2
169° 262
169°067
1633612
169°062
163°062

IZH W2
Sd

002
(Al
001
S~¢
c*s
c*2
8°0
§°2-
0°C-
1
2°01-
0°G61-
002~

230
YHJIY

0°02
0° sy
0°0D1
[
oS
62
0°0
5* 2~
0°%9-
[ 2 3
0°01-
0°G1-
0°02~

932
YHd Y

67




6288°0 6220°0- #962°0 2816°0 £36°D6¢ 293°»19 ®223°23¢2 5237292 226923 28A° %49 622162 0°G2

I5n6°) 428d°0« 0662°0 8Y7€°0 1260089 %§2°508 669 °FL 121°v 414 2151° 044 Av3a*val 3227162 0°6S1 , 1
£136°0 1210°0- 281870 £612°0 09.°808 025°962 695°671 13e°¢t2 Til1 ege @93°ndl G2l°162 C°0OY
£066°0 1210°2- £12£°0 02s1*0 322118 213°26¢ S8 *132 133241 Sua*iB3 602°%40 S2L°161 §°2
1)65°0 2200°0- 1£2€°0 0011°0 20£°¢18 256°4892 682°fy2 302 024!¢ 50343 602°733 §22%1€2 0°*5
3166°0 1£03°0- 261€£°0 8260°0 128°918 £96°658¢ SE2*68Ys 25071814 051°%g? S16° 938 0L0°262 §°2
6265°) 9000°0- 202£°3 £500°0- 266°G18® 680882 0s8°63ys (86" 74¢ 6ir- %83 Gre*"d3 348761 00 4
it686°0 7100°0- 022¢°0 2%90°0- 691°S18 fi1°082 228°%82 ERARET'Y) sJeti33 Te»* %33 3z/7°1€62 §5°2-
1£66°0 9100°0- 91¢8°9 £J21°0- 29%*918 ta1°922 669832 962°45a! 538" 788 1E%°%38 $20°167 ©°6- {
££66°0 220)°0- £9£5°0 6221°ND-  G66°218 8677944 213°13¢2 9156°26¢ 508371413 T hae G2/*16¢ S°¢- ,
8536°) 1210°)- ISEE°0 62§2°%- 649°018 s0i°6id 6G5°6)2 §58° 964 1ii-e23 tir°vas 5221°182 0°01-
66£6°0 93200~ $22¢°0 99%£°0- %0S5°£08 LIS YY) 223°%22 £iv°5903 2207923 265" FaR 62l°162 0°GV-
0168°) 36500~ 9992°0 6%6%°0- §%8°562 %26° 03¢ $58°232 639°%13 824723 A A XY ] S2i*16l ¢°02-
.auwo-v auuuwu.mu mw««wwwo MWLuu“Wu owmmxu uwumzu Dwmmtu umwa;u UNﬂazu awqm;u uNMm;u qﬂWﬂ« 4
0°s1 *Gh682 10%*0 0°51
uu:—<w~wmwb 3IvSIAY muaomwwmzuw<mu>< ;uﬂWmu%qma>< ww%n
2
%9:6°0 9550°0- 9921°0 8216°0 956982 8012249 IANRE EN] 2%t it %3%*083 1%%* 9349 SI%*26¢ 0°02 ,
21336°0 2210°0~ 2161°0 119£°0 %89 962 892214 632°327 510°642 840°%22 s3rccee c1%=262 ©0°G1
0233-y 2200°) 1002°) §1§2°0 8:0~208 Rg2° 4208 Sth 8l £8s~2ay 935°582 89%° G638 51%°262 ¢°01 !
0000°%Y 9910°0 11020 0321°0 229908 S12*d08 032°632 F51°98e 83%°583 99%°69p St 26l G°¢
i666°0 36100 £202°0 £311°0 11§°908 810° 261 v35°23¢ %20°98¢ 652*53) 62i° 593 SI%°261 0°% T
§666°0 ££20°0 £202°0 0i30°0 206208 S216° 561 602°83) t21°98¢ 652°G88 628°G98 Stetdel o2 Mg
03831 #v20°90 27020 3%00°0 623°3)8 210162 21380°68L 329°)6¢ 061°633 J61°549a GI%~262 0°0 v
3330°1 1£22°0 2602°0 6250°0- 205°20¢ Siutgud 12080/ 23C*te6! 921°%23 9LL°"Ra 020°2€¢2 G*2-
0000°} 2922°0 0602°0 Se01°0- £82°909 £26° 607 61228/ 1:0°96¢ 019°623 Ci9-5e8 Gid*26¢ (-5~
0003°1 %610-0 n212°0 1331°0- 03.°%08 %19° €8¢ 156°%8} 121°561 950°52% 95N°5eH LA LY A A 1 ;
3366°9 1300°) $S12°0 $i22°0- 220°209 218182 %66°18, 6%99° 208 $62°%33 2099 8¢E tgi*t6e 0°0T1- 1
6986°0 0213°0- 0st2-0 26%§°0- 218*%95¢ IZA M YY) B53°%.l4 ®12° 119 980" %03 621 ° GHa 138162 0°CV-
E125°) 3762°0- 2102°0 6"6%°0- 689 w4l £28°522 3%1°632 J36°022 9466413 §35°933 13g°162 )°)2-
.Juwchu AuuuwM><u LW««WMWQ wauw“Wu QNM W) 02H WD De4 Wl 124 AD 024 W) ogH o) 02H d) 737
El »d fd 24 14 1d Sd ¥HdTY
1°71 “sgive 2090 0°01
um:~<@quw» IIVSIAY muaonmwu:uuczu>< Luwwwu%qzu>< wwmm

1oy

LI I SR L IS ]

W tenuiyg

[RPR LIRY

e A SN, NN St N o - I



{
o
©
| i2i8°0 100T1°0- 89 "0 LAY A1 9492°96¢4 06/°508 "6%*232 5%4°13) 900° 6312 FAEMAEY ] 192162 0°02
£963°0 9690° 0~ 6%92%°0 8r1s-0 16£°808 S62°662 $23°83Z 526°93¢ gEva vl §65°hsd 188162 0°ST :
3686°0 1660°0- $19%°0 S361°0 g6%°9189 9g€°68¢ 373°£22 206°19¢ 692213 622 Y38 1£°162 0°01
19%6°) 0260°0- 246%°0 7iv10 122618 956182 S21°9il 2327891 2226143 322°%393 18f 162 S*2
{560 1290°0~ £9¢%°0 5380°0 [LAREE4 811 822 263°082 £E26°832 286643 D61 wg2 18162 ©0°S m
2656°0 89£0°0- 86290 ¢1:0°0 216229 £h2Tvll Y33°¢d2 Jsec 1Ll £27°Jud 061°%389 Teg*T62 S°2
6236°) 2889°)- 183 Ad] 1620°0~ f£ff£°€28 988~144 496" 262 022°%2¢ 189°083 951*%38 18¢°162 C°C w
2296°0 S%§€3° 0~ 96£%°0 %2800~ 66£°£29 "hG*€69¢ 155°28¢ 19221t 05i*083 092°%99 Tef*162 S°2- b
95656°) 46E0°0~ Y15%°0 GEEY=C- 198228 1£0°892 £395°032 Siy°08e £2%9°033 9¢1° %33 198162 0°G-
3 9£56°0 S0%0° )0~ 989%°0 6S81°0- 03%°128 488°992 155142 Sl hvas 216648 622 ven 197°162 S°2- !
| 1£96°0 83%0°0. 1€8%°0 c182°0~- 18B2°¢618 881°93/ (X LAA XY 5617332 %489 23 961 %88 T8f"162 0°0T-
3836°0 16633~ yE9%°0 A6§E°0~ Ouw%°219 196° 592 268£°692 Sgit26¢ 938523 73i°ved Wi“16L 9°G1-
(AL 1 Ad] S247°9- 99150 #6290~ 90:°209 865° 297 682793 222108 €46°6939 f15° %48 18£°152 0°02-
(101> (39vy3Aav) (vi3ad) (y4dv) 024 A 02H W) 02H A) J2ZH AD OZH W) 026 W2 IZH W) 933
mw mw d) vi130 d4I v11130 Ma d fd 24 1d id Sd YHdY !
0°¢61 15682 13%°2 0°02
2.9 ¥IFAON EET 1 230 .
ux:~<¢uutw_ 3IVYINY WuJDZhwx EEA 2RI lucxwmu«zw>< viis ”f
i
] TWOYaqoag [RoTUO) o la0d-3AT ] a1 o] SIUATOT]R0) Aanssalg

(PO ¢ TIHVL




AL TR A AR S TN R AT 2

69%6°) 6980°0~ 1610°0 A WA RS/
¥§86°0 £600°0- 6310°0 2338°9
16566°0 28120 06100 3fn2°0
936%5°) 6923 °) 1610°0 2061°0
33021 52£0°0 9610°0 62810
0030°1 53£0°) 0120°2 €£20°0
03301 25£0°0 0120°0 £510°0
2000°1 2612°0 1£€20°2 91%0°N-
0000°1 21£93°0 2220-0 0101°0-
256660 0620°0 9%20 -0 9261°0-
3365°0 8310°3 2920°2 02120~
%166°0 1010°0- £520°0 £22§°0-
6256°) 6l%)°0 - cg20°0 £I%%°0-
(I¥4018)  (39vVH3IAY) (V]38) (y4dv)
d) dd dd ¥1133 43 v113)
"°37
um:—«ﬂumﬂma 3IVY4IAY
11 L Rg) 19£2°0~ 52£0°0- £ELY°0
1325°) 2900°3~ ¥6g0°0- B19¢°0
3366°0 16100 2950°0~ 4120
0666°0 1820°0 2950°0- SI51°0
3300°1 8ff2°) SGE0°0- 82e1°0
0000°1 "6£3°0 6%80° 0= 4080°0
0033 °1 %9¢0°0 25500~ 43100
33021 3580°0 $680°0- 6970°0-
0000°1 61£0°0 62£0°0- S560°0~
0300°1 15202 21£0°0- 06GT1°C-
16660 3310°) 0tEnc9- 2302°0-
9285 °0 T110°0- GEE0°0- 052£°0-
1356°) 96%)°0- 1680°0- LGE N0
(Iv101) (39v¥3AV)  (v13I8R) (YHdIY)
d) d) d4) 1730 d3 7113)
25l
ux:~<Wuwmw— IIVHINY

g1 ARLICION D R AR N R HAN]

¢
t

.

816944 %48°9S8
£02°492 S10° 689
"l2°£82 £221°129
§06°83 L 799° %18
SY%6°262 §£22°208
h26° 561 g2f° 008
126°962 £16°162
06%°962 686882
91656/ 126592
210°062 9616211
S16°582 118642
"2%°232 818°63¢
£09°G%ys £€9°59¢
02H W) 32H W)

Sd hd

*1246%

¥IIWNN

SITONAIY IoVvH3IAY

950 %92 206°258
642%2912 nR6"65Y
£01°3212 LA 4]
£S9°£32 B9zZ°Ste
S64v 182 929°,08
996682 6201089
S12°9612 112962
03526842 A96* 387
866282 109°%82
FT1°%u2 2120082
n08°222 191° 212
143%032 982 0l¢
016882 090°99 ¢
324 W) J2H W)
¥ vd
*1266¢
wuaomwwu:uu<mu>c
PATEOG=a T e
114V

169°%%2 wEwe23d
ydi*ud! 822°33¢
£63°642 351id¢
1909°58¢ 969" 92/
£00°682 3L 082
102°162 93%° 582
w0i®2542 3i8 062
903162 525° 264
TEY 632 £1E°%99
1907532 i16°113
999°R22 996° 313
952" 232 222°6i8
L12°392  R65°F%53
cmwazu uwumzu
23%°0
EEELIL]

HIV4 I9VHIAY

245°062 I:§°23¢
612°2212 1337932
906632 EARAS WY
£520°05¢2 313°322
%£9° %612 §69° 032
609*352 982%v8¢
%6l7L161 156%)61
606°96/ G10°86/
hel %6l 159°%082
By 632 e11°213
€C)°%g2 221613
633°432 126° 313
636°G6"%2 £36° 1G9
02n W) I2H WD
id 2d
08670
;quwﬂuquw>¢

DRI

0rg°352¢ £E96°636
99l 206 230°986
125°985% 6027906
96%°935 "il°I36
221195 Z2i° 286
165° 185 165" 206
$09%/8s 509°2¢e6
056° 125 066236
936985 905°836
23§5°388 SEY 0E6
£d6°986 192° 2086
859" G846 T61°L3¢
§62° 10145 2397536
cmﬂmsu cuqn;u

s°2

93¢0

L REL
298°GL6 £16° 986
£%9°£8BS 966° 286
151236 69%° 286
161°236 00%" 2386
161°23a5s 161136
1327195 192246
9i5°235 316" L8k
19{°225 13t-a36
LA AN 1] 7IR* 286
LAY A X1 "nl®186
G29°18¢% £83° 206
433998 605 @85
£19°645 220336
0ZH d) DeH 42

1d id

3°0

93

v13g

1257582
126° 56
998°Gal
333°53¢4
978°682
1712°982
T12°982
655° 98¢
666° 98/
556°94%¢2
934° 662
893° 58!
9336l

DeH W)
Sd

$98°S84
338°Sikl
938°G6a¢
99p°" S8
838° 58!
93@°ge@2
T12° 992
t12-98¢
112°98¢
112°982
T12° 98?2
112982
112°93¢

02H W)
Sd

0°02
0° sl
0°o1
s
0°s
S°¢
0°0
G*2a
9°¢-
Ll 2
0*0t-
0°61-
002~
32

0-o02
0°st
0°07
§*2
0°S

[ 24
[}
c*Z-
0" %=
L 2
0° 0T~
[<Ad 9§
002~

220
LECAL)

70




43160
d%36°5
1655%)
03891
5255°)
00331
22351
30031
£666°0
3865°0
3966°)
2936 °9
53352
ﬁauwcbu

2296°0
293870
6666°9
6466°0
1866°)
0000°1
00321
0030-1
0000°1
25569
1866°)
1236°)
1956°)

(Ivi01)
d)

s3%)°0-
1213°93-
3600°)
2113°)
99220
"223°0
18202
0220°0
6120°0
2812°)
2910°3
2210°0-
S6%)°)-

{39v43AY)

dl

£190°0-
*11)°d-
"£10°0
0220°0
4823°)
92£0°0
62£2°0
£120°0
%823°0
5229279
9%10°0
0£10°0-
39%3%) -

€30v¥3AY)

dJ

w2210
7521
00ET°0
£0£1°0
19g7°0
L8810
¢981°0
02819
29¢1°0
§8¢1°0
[ 8 2 ]
91710
99¢ 10
(vi138)

4 ¥1133

J
3anivyl

18240°0
1420°0
562070
S080°9
9180°)
2¢£80°0
6580 °0
£280°)
19800
%180°2
9680°0
2680°0
82800
(vi3g)

$°)
933
dW3

4 Y1139

J
3dnivEl

s*93
233
CLE]

9 0

3

006%°0
H89%°0
13§2°0
G331°0
G921°0
9220°0
610" 0
95900~
65070~
1091°0-
2312*0-
LA L 2
9999 °0-
vrid1v)

43 ¢113)

1

1

(

JIVYIAY

221%°9
G99¢°0
n9n2*0
£L91°2
61E1*0
0%20°0
1:10°0
13%0°2-
2660°0-
2961°0-
£222°0-
1:££°0-
625%°0-
v4d1y)

43 ¥1131

|

1

IIVHIAY

649°19/
£9¢ =29
996° 762
Str-i08
£95£°909
112014
IT2 118
628018
211°Q08
166°€08
£A8°964
£§E623z2
962°192

924 A
Gd

Znd°852
YA R YN}
656°062
NES 96/
%6266
a%8°108
7£8°209
2112089
258561
260°962
Sht062
1589117
091°¢61

02H W)
G4

SGIONA3IY JOVHIAY

W ‘oqoad [eotue)

(p,U0)) ¢ JI9VL

0627968
10992y
HIZ2° 919
223°018
641°508
"21° 964
61808/
2867 €92
GG9* QL ¢
BOE"%22
Q99°072
990° £93¢
12870912
umumzu

296° 959
163" 2%48
294t 028
gge-21e
1914909
w8E£°l6L
299°062
Si6° %84
165°082
A2%°91¢
99n=221
242992
219992

0Z2H W)
Yd

“669G§
EEER DL

CPAILOg=IAT A1 10j SIUATI]

§£63°914
®21*26¢
2aLr=tiz
0sd°324
el 182
222 %4l
CéLtfaL
219°2R1
G238l
1103°921
90%°022
975°%5

29°¢5 s

02d W)
td

S52°6i¢
633°56¢
TIs*%12
16t °%8¢
"n3°28/
9:1°682
625°6a¢
£26°984
235°2eL
Onsdll
9yn-2114
84i*35¢2
%95°Gf L

324 W)
£d

236151
26029/
£51°222
158122
75814
1167182
rd8°34d¢
26l* 261
}e9t56¢
329°304
63%°%18@
679283
608°0%3
Umwmxu

186°0

EECLHL
HIVYA JOVH3AY

226°13¢
A62°€9¢
902221
Y69° %42
S19°22¢
226281
2z 0°3a¢l
322761
1257208
I02°203
211212
1)2°ti3
281°163

J2H W)
2d

388"

¥IAWNN
AIVA 39VH3IAY

Sumctils
0%§°2us
Gle*3is
Gn@*a8s
619° 645
921684
321625
147°34u$
£46°RdS
630%34d%
038°245$
96/°%86
h61°615

0ZH A2
1d

993°945
Bnc58s
208~/.86
229°295%
S13° 948
S10°98s
s106°923s
S16°985
S1C-395%
996°685
25 2°685
d19°28s
2169315

02H W)
1d

1390) 2INSSAIg

EX R AT A
101°64d6
"d6°3d5
G9d 46
963°286%
217586
921646
Tdl°335
PAYAE1'1
13946
545°986
GL6° 346
121° 636

02H W3
id

<« N
[adrd
wo ~

G125 886
IR EME LY

I%°g3s
64G* 386
£3:1° 336
S1C* 956
318° 946
S10° 386
GiG° 986
510° 388
Se0° 906
Ga80" 9386
365°5386

ueHd Wl
id

-9 ©
bt

"y 6720
npstddl
645" 2182
6uG”® 2ul
6352812
Sv2°18¢
92204
D36°9u¢
606" 98¢
656°93/
556 98¢
£66°9k¢
§55°98¢

0ZH W)
Sd

656°98¢
635" %542
665" 98¢
656992
9L1°631¢
921°56
3217682
9.1° 682
921°58¢
341° 692
921°G3¢
9,182
i S8?

G2H W)
Sd

AR
o°otv
s°t
2°s

o0

5 2-

0°6-

S 1=

0° 01~
2°61-
0°02-

930
YHJITY

71

0°02
0°s1
o°0tv
54
0°S
cte
0°0
G2~
0*G-
[l B
00V~
0°sT=-
0°932~




e — e

29689°0 ££90°0~ 5992°0 1£26°0
35D G5%0°)- 88620 0%¢€-0
4636°0 762)°0- 161£°0 §322°0
6280 6610°0~ 0£2<°0 6221°0
6586 °) 2810°0 - £22¢°0 80110
9896°0 2600°0- §418°0 S150°0
7365°0 9803°0- I42 $ Rd) 5600°0-
Y1660 2600°0- 81%°0 4890°0-
£336°D 821)°0 - %92% °) 86210~
"v36°0 2313°0- ovsggt0 0J)8t1°0-
832260 91200~ LRR S ] 1££2°0-
9956°0 G280°0- 1£25°0 69%§ 0~
¥906°) 4120°0- 0262°0 6306°0-
CIvi01)  (39vd3AYV) (v13§) (YHdI¥)
d) dl d) v1130 43 v1133
£°51
um:—<muwwm— ERANETY )
%3260 3293°)- BEL1°0 S2L16°0
AR I ] 4§20°0- 22910 969¢°0
536560 2100°0 #981°0 21§2°0
0666 °0 7600°0 2161°0 SGLT1°0
{6660 6%10°0 59671°9 g121-0
2003°1 18120 6561°0 23303
0000°1 8810°0 SS61°0 9110°0
00221 5210°0 9861°0 56%90°0-
25031 0s10°90 2002°0 1301°0-
£666°0 0013-0 1102-0 €231°0-
i866°0 0200°2 6102°0 1822°0-
6586°0 3%20°0- 2102°90 1585°0-
9596 °0 1852°0- £0671°0 28490~
Cyen ot e, NI,
0°21
J3_91¢

JYNLIY HIdu3l ITVYIAY

211°6%2 9¥9* 048
£22°018 828°028
233°22¢9 021°108
262°§%8 hw19°261
vg2-0¢8 986 184
Tyf-198 £82°9¢¢2
G30*2%8 S0£°69y
h98°198 ££6°99¢
562°0%8 8%6°852
909218 2%9°96G)
652°288 122749}
281118 992- 062
28%°9612 1S AR}V
onmtu owumzu

*1£09¢

YIINNN

SITIONAIN 3IVYIAY

f0L°RI2 161°068
4576172 F%9°088
696°608 1836°118
28£°119 9/8°508@
293°518 169°362
G128 LAY AN X ¥
08T 618 Gwzv5e2
ate-g1e el 212
236°919 s~ 21y
B9ET18 296892
966209 £21°59¢
52488/ LAY R AV]
329°11¢2 209 (G
ONMmzu uwum:u
“6896¢
wua:mwwn:uu<zu><

Pofae ) CPoddng-antd

(A5 Uy

oM
IV

223°31¢ Si9°%i! 56e4°226
29506y 9197692 922°24$
£S5 32 s9n"567 1297186
863°832 £00*862 £16°605
228521 739°192 §62°26%
635122 333°53¢ 85165
969°822 Si2°%2¢ 938165
(Y ERNTY] $3E° 442 533°266
21ic922 EEI A )] 338°165
266°0422 136°26¢ 232°966
§81°63¢ l0%°103 922°635%
812°26! 26%°328  531°586
965°L5L 34°0%3 %9G°325
024 W) I2H ) DZH A3
id 24 | ]
32572
H33ANN
AJVA 39VyIAY

[ g T3 326°G%¢ 612 w6
632°25¢2 1137452 1%6°285
916°23¢ %2§°592 96238
623°2217 226°8%3¢ 206 a8S
vaz2=32! 2317220 6£9°385
091°622 G2Z9° 92! 622°33%
903°622 Zi% 132 602°835
882°322 1917182 116° 886
9867942 599° %61 1162335
calr22l 339°208 R2L°BY6
2§3°93¢ 211°113 025°336
29199y 55£°i23 256°2856
602°2i! ii6°978 2:i6°225%
ammmxu umwm;u cwqmzu

33672

;u«mwmwau><
J07 SJUSTOII{A0) AUNSEaLg

§79°F66
703°766
£92°566
cld" 166
"09°f68
288166
213° 165
E9i° 566
622766
06C° 566
220° 566
261°6G66
ZEN Y66

J2H 33
1d

-

wo v

<0 O
-
-8

6§8°dd6
6£9°826
6:3°336
60/°386
602°306
602° 386
602°886
2167836
J16°84d6
216° 0386
L16°336
TL9°Gids
2162388
owﬂxzu

(3]
.
-

wo o
LY

«
=

D20°2¢¢
J43°261
023°26¢
213262
0L)°2¢1¢
212261
Ji12°262
0£0°202
022261
€62°260
632261
6527262
£52°26¢

02H W3
Sd

S92° 282
SHe*tlpe
5%2°413¢
Sv2-19¢
Gh2* 4wl
Sw2° 192
S92 /181
Sye~inrt
Gn2° 18!
cw2~ bl
R TANE Y]
364°1 82
CH2°* 8¢

J2H RKI
Sd

c°02
(A §
¢cot
st
0°<

[ a4
0°0
G*2-
0°6-
St L=
0°01-
Rt
vl A

230
YH4TY

0°02
(A |
o
61
0°4

g2




15990
9363°9
1££6°0
1h%6°C
8i36°0
9956°0
1296°0
2136°0
0556°0
2256°D
3lvs ‘0
%235°9
35582
aauwo_.

£901°0-~
99920~
6£90°0~
26600~
05%0°0-
92%90°0-
2£%0°0-
9§%0°0-
19%3°0-
£060°0~
1250°0-
1990°) -
0690°0~

-uuuwu>¢u mw<«w&wn

00650 9€d39°0
%95£9°0 £918°9
02G6%°0 9202°0

50%%°0 3351°-0

[S 28244 3360°0

%6190 10%90°0
£22%°0 0£20°0-~
692%°0 1580°0~
062%°0 6EY1-0.
115%°0 81020~
grL4a0 23%2° 0.
069%°0 6175°0-
80270 996%°0-
91

5°91

u¢=—<Wuwww— 33vHIAY

433°¢38
22%"S28
200°2%8
9232199
1£6°258
1£9°968
9218°258
611°968
1£9~958
2217659
£52°058
211°9¢8
6E%°6T1 8

IZH A
Sd

SIT0ONA3IY I9VYIAY

Iy6°618
£12°962
0c8~ 12112
In6°692
520194
2917 %52
199° 6%2
992" 6¢ 2
£90°5i¢d
018°5%2
G06-2%¢
G179 2
So§-624
umumxu

*£696E
¥3IIaNN

859922
921284
943°6%L
685°2512
££9°692
FAAREFY]
Q22222
9217222
%62°$37
311°%932
69%°651¢
1: 9142
2457014

JZH R3]
£d

Swec222
£36°2¢2
610°982
tl6°L% !
619°1%1
860°G%2
932°06¢
109°9%¢
Fr31°"92
Yi5°9el
hEA 0 ¥
T£1°:08
260°528

828656
SI° 025
%3§°216
92£°6LS
210°286
l59°£88
972946
139°%86
195185
222° %89
912°28%
£62°525
$29° %95

024 W2
1d

316°066
993° )66
94%8° 0066
f946°066
062166
L1 66
088 V66
¥12°256
S¥3° 266
116165
120" %es
1567768
§v2°Foe

02W W)
le

t1f 768!
fre 6o
f18°63¢
4594887
Yy 282
I%g "0,
A ALY
1%, " "¢t

A2 I XN

2°02

LUREN |

con



9286 °0
1686°0
9986 *0
$L86°0
9,86 °0
$066 *0
8166 °0
1€66°0
%566 "0
0566 *0
0566 °0
1566°0
9966 *0
6966 °0
1660
9L66°0
6L66°0
6866 °0
0000°1
5666 °0
§666 "0

(Ivicd)
dl

1o¥%0 "0
92%0°0
12900
GZ%0 °0
91900
90%0 °0
§2%0°0
1950 °0
60%0 °0
0150 0
0gy0 *0
€£€%0°0
€2%0°0
€490 °0
09%0 °0
L2400
LEYO 0
09%0°0
08%0 °0
%8490 °0

06%0 °0

(39VUIAV)

dd

€200°)
%200°0-
1100°0-
€200°0-
8000°0
€100°0
8000°0
9000°0-
0200°0
2€00°0
2200°0
6000°)
1200°0
0100°0
0000°0-
1000°0~
0000°0
1000°3 -
0000°0
1000°0
1000°0—-

{viaa)

42 vi13a

€200°0-
0%00°0
8£00°0
6000°0-
2100°0-
8100°0-
2000°0-
4000°0
€100%0-
6000°0~
€000°0
s000°0
s100°0
91000
0100°0
6000°0
2000°0
1000°0-
1000°0-
1000°0~
0000°0

(VH4 IV}
dd vilaa

49°18¢
69 °Z62
25 °08L
6E°6LL
69°8LL
Z6°LLL
ot1°8LL
€L°8lL
60°9LL
€0°5LL
61°SlL
€z el
6Z°%lL
Ly 9LL
Z2L°vLL
¥3°% Ll
oY HLL
11°%LL
86°cll
2B €ELL
98 €l

ozZ4 Wl
Sd

91°68L
1%°8LL
69°81L
8¢€°08L
L9°64¢L
18°6LL
€8°8LL
90°8LL
»9°LLL
85°922
20°9lL
€€ 6Ll
€S°%LL
YeHil
19°%LL
2EYLL
LE*HLL
T1°%LL
20°%LL
S6°€LL
Y8 ¢ell

D2ZH WO
%d

68°€89L 16°28L
$2°08L 12°¢8L
€S °6LL 1Z2°e8L
11 eLL €5°6LL
6E°6LL SS°8LL
T1°6LL 0z2+8LL
08° 822 29°8LL
0Z°8LL 8Ll
s8° L1 16°9LL
8L°lLe 91912
Y0 L1 oe*9LL
S6°6LL YL°SLL
66°SLL YLl Sl
92°SLL 09°sLL
L% LS AL T Y]
LS°HLL €0°6LL
€Y% L ¥5°4LL
»0°H20 66°€LL
T0°%2L 96°€LL
Y6 ELL 16°€LL
18°¢LL 18°cld
DZH W) DZH W)
€d 2d
0*0 0%0
930 930
V138 VHIWV

86°6L6
s0°9%6
0L*1E6
9¢e°L16
98°L06
€£9°€06
26°€68
18°€88
86°658
91448
80°ce8
Le°128
16°218
9L°508
YY°L08
64°008
127561
€6°68L
€0 b8l
yi-e8L
18°08L

02ZH W)
1d

0°€
0-2
0°€E
ece
6" €
0" %
0*€
0*Y
0°€
0y
o Al
oy
0°s
0°¢
0o°s
0L
09
0°9
0*9
0°9
0%

1) duW3L
Lol

19°0 5 "W T Z1°0 *©qo1d [EI1U0) ‘PAling-dATd aYyjl 10} SIUDTOITFIIO) 2INssalg

% 319VL

38°266
9L°656
IETHY 6
96°826
[ X4 14
30°216
36°025
£E6°688
56°¢98
LE“BYSB
DE°GES
26°428
92618
52°808
56°S08
5€~208
26°95L
3L°93L
€082
96°28L
6z-18L

JZH W2
1d

STElL
S ElL
Se€LL
G ELL
[ XX
[ RA ¥ X3
STELL
SoELL
STELL
S°ElL
S ELL
S tLL
STelL
g eld
S ELL
STELl
S €ELL
S"eLl
S*eLL
S°ELL
S ElL

0ZH W)
Sd

“LZL19¢
celTvE
‘evLZe
*H0E1E
*OLEOE
“£0962
*00s82
86212
“y02%2
25022
AYLYs
MTAA
85991
*6€T1s1
C19%% 1
*e9Lel
12921
*€8€6

~59¢8

*6SLL

SL81L

YIAWNN

SOONAIY

809°0
496°0
Zy5°0
815°0
€06 "0
16%°0
2l%°0
25%°0
104°0
99¢€°0
had
s0€ 0
sL2°0
2520
2%2°0
0oez-0
020
910
6ET"0
6Z1°0

0zZ1°0

YIGWMN

HIVYW

74




Bl el adhbd cninial

=~

10.

11.

12.

13.

14.

REFERENCES

Schultz, W. M., et. al., "Several Combination Probes for Surveying
Static and Total Pressure and Flow Direction,'" NACA TN 2830, 1952.

Kettle, D. J., "Design and Calibration at Low Speeds of a Static Tube

and Pitot-Static Tube with Semi-Ellipsoidal Nose Shapes,'" J. Roy. Aer.

Soc., Vol. 58, 1954, pp. 835-837.

Smetena, F. O. and Stuart, J. W. M., "A Study of Angle-of-Attack,
Angle-ot-Sideslip Pitot-Static Probes," WADC TR 57234, AD118209, 1957.

Bryer, D. W., et. al., "Pressure Probes Selected for Three-Dimensional
Flow Measurement,'" Rep. Mem. Aero Res. Coun. London, No. 3037, 1958.

Morrison, D. F., et. al., “Hole Size Effect on Hemisphere Pressure
Distributions," J. Roy. Aer. Soc., Vol. 71, 1967, pp. 317-319.

Wright, M. A., "The Evaluation of a Simplified Form of Presentation
for Spherical and Hemispherical Pitometer Calibration Data,'" J. Sci.
Instr. (J. Phys. E), Vol. 3, 1970, pp. 356-362.

Schaub, U. W., et. al., "An Investigation of the Three-Dimensional
Flow Characteristics of a Non-Nulling Five-Tube Probe," Nat. Res.
Council of Canada, Aero Rpt. LR-393, NRC No. 7964, 1964.

Dudzinski, J. T. and Krause, L. N., "Flow Direction Measurement with
Fixed-Position Probes,'" NASA TM X-1904, 1969.

Beecham, L. J. and Collins, S. J., "Static and Dynamic Response of a
Design of a Differential Pressure Yawmeter at Supersonic Speeds,' Roy.
Aer. Est. Report No. GW19, 1954.

Hutton, P. G., "Static Pressure of a Hemispherical-Headed Yawmeter at
High Subsonic and Transonic Speeds," Roy. Aer. Est. Tech. Note No.
Aero 2525, CP No. 401, 1957.

Nowack, C. F. R., "Improved Calibration Method for a Five-Hole
Spherical Pitot Probe," J. Sci. Instr (J. Phys. E), Vol. 3, 1970, pp.
21-20.

Dau, K., et. al., "The Probes for the Measurement of the Complete
Velocity Vector in Subsonic Flow," Aero. J., Vol. 72, 1969, pp.
1066-1068.

Spaid, F. W., et. al., "Miniature Probe for Transonic Flow Direction
Measurements,”" AIAA J., Vol. 13, 1975, pp. 253-255.

Glawe, G. F., et. al., "A Small Combination Sensing Probe for Measure-
ment of Temperature, Pressure and Flow Direction,'" NASA TN D-4816,
1968.

75




N

R Ty e W s,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Treaster, A. L. and Yocum, A. M., "The Calibration and Application of
Five-Hole Probes," Penn. State Univ. Applied Research Laboratory
Report TM 78-10, 1978.

Bryer, D. W. and Paukhurst, D. W., "Pressure Probe Methods for Deter-
mining Wind Speed and Flow Direction," Published Ly Her Majesty's
Stationery Office, London, England, 1971.

Wuest, W., '"Measurement of Flow Speed and Flow Direction by Aero-
dynamic Probes and Vanes," Paper presented at the 30th Flight
Mechanics Panel Meeting in Montreal, Canada, 1967.

Hess, J. L. and Smith, A. M. 0., "Calculation of Potential Flow about
Arbitrary Bodies," Progress in Aeronautical Sciences, Vol. 8,
Pergammon Press, 1966.

Smith, A. M. O. and Bauer, A. B., "Static-Pressure Probes that are
Theoretically Inseusitive to Pitch, Yaw and Mach Number, J. Fl. Mech.,
Vol. 44, 1970, pp. 513-528.

Shapiro, A. H., The Dynamics and Thermodynamics of Compressible Fluid
Flow, Volume I, The Ronald Press, New York, 1953.

Liepmann, H. W. and Roshko, A., Elements of Gas Dynamics, John Wiley &
Sons, New York, 1958.

Sears, W. R., General Theory of High Speed Aerodynamics, Volume VI,
Princeton University Press, Princeton, N.J., 1954,

Laitone, E. V., "The Subsonic Flow About a Body of Revolution," Quant.
of Appl. Math., Vol. 5, 1947, pp. 227-231.

Laitone, E. V., "The Linearized Subsonic and Supersonic Flow About
Inclined Slender Bodies of Revolution," J. of Aero. Sci., Vol. 14,
1947, pp. 6331-642.

Karamcheti, K., Principles of Ideal-Fluid Aerodynamics, John Wiley &
Sons, Inc., New York, 1966.

Huffman, G. David, "Aerodynamic Analyses for the Compressor Research
Facility," AFAPL-TR-79-2021, 1979.

DISA Type 55D90 Calibration Equipment Instruction Manual, DISA Infor-
mation.

Garner, H. C., et. al., "Subsonic Wind Tunnel Wall Corrections,"
AGARDograph 109, October 1966.

Page, W. A., "Experimental Study of the Equivalence of Transonic Flow
About Slender Cone-Cylinders of Circular and Elliptic Cross-Section,”

NACA TN 4233, 1958.

76




30.

31.

32.

33.

N

Livesey, J. L., et. al., "The Static Hole Error Problem," Aircraft
Englneering, Vol. 34, 1962, pp. 43-47.

Franklin, R. F. and Wallace, J. M., "Absolute Measuremeut of Static-
Hole Error Using Flush Transducers,'" J. Fl. Mech., Vol. 42, 1970, pp.
33-48.

Gorlin, S. M. and Slezinger, I. L., "Wind Tunnels and Their Instrumen-
tation," NASA TTF-346, 1966.

Bradshaw, P. and Goodman, D. G., "The Effect of Turbulence on Static-
Pressure Tubes,'" ARC-R/M-3527, Sept. 1966.

77

“U.S.Government Printing Office: 1980 — 657-084/184 ’




END

I  DATE
- FILMED

. w B
SR A . >
A R ‘- ) \
IS ' N : RIS £ .
FO C h i : :
P Y - .




